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By  Bruce T. Lundin, David S . Gabriel 
and  William A. Fleming 

N&A research on afterburners  for  turbojet  engines during the past 
5 years is summarized.  Although  most of this KoTk has been  directed t o -  
ward  the  development  of  specific  afterburners  for  various  engines  rather 
than toward  the  accumulation  of  systematic  data,  it has, nevertheless, 
provided a large flrna of  experimental data and experience in the  field. 

some 3500 hours of operation. In the  treatment of the  material of this 

%now-how''  acquired  by  research  engineers  in  the  course  of  the  work 
rather than to formulate a set  of design rules. 

-il The  references  cited  present  over loo0 afterburnqr  configurations  and 

. s m r y ,  the  principal  efYort has been  to  convey  to  the  reader  the 

Material  is  presented on the following general  topics  of  after- 
burner  design:  burner-inlet  diffusers,  fiel-lnjection systems, flame- 
holders,  combustion  space  (burner  length and shape),  combustion  insta- 
bility  (screech),  starting  and  transient  performance,  effects  of dilu- 
ents, and burner-shell  cooling.  The  section on burner-inlet  diffusers 
considers  the  effect of diff'user  length and ahape,  as  well as the  use 
of  flaw-control  devices  such  as  vanes and vortex generators, on both 
burner-inlet  velocity  profile  and difflzser pressure drop. The  fuel- 
injection  system  discussed  is  primarily  that of radial spray bars. The 
effects  of  spray-bar design and installation on the fuel-air-ratio dis- 
tribution in the  burner,  and  the  resulting  influence  of  these  distribu- 
tions on afterburner  perfcmmnce is presented.  The  discussion of flame- 
holders  includes  considerations of flameholder  cross-sectional shape, 
gutter  width,  number of gutters, and over-all  blockage on combustion  ef- 
ficiency,  stability limits, and pressure  drop.  Afterburner-length re- 
quirements  and  the  effects af shell taper and  flameholder location for 
various operating  conditions  are  presented in the  section on conibustion 

related  to  the  aerodynamics  of  the f l o w  approaching  the  combustion  zone, 
the  identification  of  the  nature of pressure  oscillation,  the  use  of 

I space.  The  work  summarized on combustion  screech  includes  experiments 

+ 
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screech-prevention  methods  such  as  perforated  liners.  The  starting c 
methods  discussed  are spark plugs, .spontap,egug...@ion4  and  hot-streak .~ 

ignition. Also corrsidered  in  this  section  are  the  transient  perforrmance 
characteristics of typical  afterburners  anclcontrol systems. The dilu- 
ents  considered &re .water-alcohol ~ ~ u r e s . a ~ - . a m m o - ~ a . ; t ~ e i r  effects- 
on  both  combustor  efficiency  and  stability Waits are  presented.  The 
burner-shell  cooling  methods  discussed  are  variation  in  internal gem- 
etry of fuel systems and  flameholders,  Fnner  liners,  ceramic  coatinge, 
external  forced-convection  air  shrouds, and transpiration or porous- 

." 

. "" 

. .. 

wall cooling. - . ... " . .  . . . . . " _. . .. 

-73 
I" 
rr) 

INTEODUCTION . . 
." ." 

Afterburners fa? turbojet  engines  have  been  under  development in 
this country  since  the  early days of the  turbojet  engine. Work on full- 
scale  afterburners was started  at  the Lewis laboratory 88 early as 1944, 
and  test  results of successful  afterburners  were ffrst published  in 
1946. Within  this  past  decade,  afterburners  for  turbojet  engines,  paced . 
by research  and  development  effort in expanded laboratory facilities, 
have  found  increasing  application  in  service  aircraft.  Practically all 
engines  manufactured today are  equipped  with  afterburners,  and  their  u8e 
has increased from a t  was originally a short-period  thrust-augmentation ?. 
application  into an eseential  feature of the turbojet  propulsion system 
for  flight  at-supersonic  speeds. .- 

. .  

A summary of NAccl research in this  field  up  to 1950 ie presented 
in  reference 1. Since  that  time,  full-scale  afterburner  research.and 
development  have  continued  at a steady  pace.  Results of this more re- 
cent work, covering  more  than 1000 burner  configurations  and  some 3500 
hours of burner  operation, are, however,  scattered  throughout maqy sep- 
arate  reports. Many of  these  reports  are, Wthermore, not  generally 
available  because of their proprietary  nature. It 3s the  purpose of 
the  present  report,  therefore,  to smgnarize and ..ta.  make .generally avail- 
able  the  highlights of this  past 5 years of afte.rburner  research  and de- 
velopment  at  the NACA. . .. . -. " 

A principal  difficulty  facing  both  the &signer of.afterburners 
and  the  authors  of summary reports  in  this  field is that  there  exists 
no really  adequate  theoretical  background  for  the  combuition  process 
or for  combustor  design. A further  difficulty  is  that  most of the ex- 
perimental  investigations  that have been caducted.were directed, for 
the most p a r t -  toward  the  develqpment of specific  afterburners f o r  var- 
ious  engtnes  rather  than  to the accumuLation of systematic  data. This 
work has, nonetheless,  provided.not only very substantial  improvements 
in  the  general  perfoiiaance  of  afterQurners,  but .also a large fund of b 
experimental  data-and an extensive  background  and  experience  in  the 
field. ? 

..  -. - 

- .. 
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Afterburner  design  being,  therefore,  more of an art  than a science , 
I and  necessarily  based  more on experience than theory,  the  present  report 

is  largely  confined  to a summ~sy of  the m8njr, and: frequently  unrelated, 
experimental  investigations.that  have  been  conducted  rather  than  to  the 
formulation of a set of design  rules. In the  treatment  of  this  material 
an effort has been  made,  however,  to  convey  to  the  reader  the "how-how" 
acquired  by  research  engineers  in  the  course of arterburner  studies. 
The  material  presented  is  divided  into  the  following  topics: 

(1) Experimental  procedures 
w 
4 
0 
P 

(2)  Afterburner-inlet  diffusers 

3 
0 

P 
al 

rl 

4 

(3) Fue1-injection  systems 

(4) Flameholder  design 

( 5 )  Combustion  space 

(6) Effect  of  operating  variables on performance 

(7) Combustion  instability  (screech) 

(8) Ignition, starting, and transient  performance 

(9) Effects of diluents on performance 

(10) Shell  cooling 

Each  topic is treated  samewhat  independently, although interacting  con- 
siderations  are  discussed  where known or important. A brief summary of 
most of these  topics  is  also  presented  at  the  close of the  report. Nu- 
merous  references  are  listed for the  convenience of those who may  desire 
more  detailed  treatment than is  possible  herein. 

No attempt is made to describe  the  details of the  apparatus and 
test  procedures  used,  although  they are available  in many of the  ref- 
erences.  The  general range of  afterburner  operating  conditions  dis- 
cussed  comprises  burner-inlet  velocities f ram 400 to 600 feet  per  sec- 
ond,  burner-inlet  pressures frcgn 500 to 3500 pounds  per  square  foot 
absolute,  inlet  temperatures of approxinaately 1700° R, and  afterburner 
fuel-air  ratios from about 0.03 to  about 0.08. Most of the data were 
obtained  with  afterburners  operating on f'ul2"scale  engines in either 

were  also  obtained from a -1-scale  (26-inch dim. ) afterburner in- 
stalled  in a blower-rig  setup. 

an altitude  test  chamber or in  the  altitude wlnd tunnel.  Same  data 

I 
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The  blower-rig  setup uas provided  with a preheater  and  an annular 
burner-inlet diffuser to  simulate  turbine-outlet  conditions and was con- 
nected to central  laboratory  combustion-air and exhaust  equ-ent. A 
choked,  fixed-area  exhaust  nozzle tmt discharged  into  an  exhaust  plenUm 
chamber was provided  at  the  afterburner  outlet.  The  full-scale  turbojet 
engines  used for most of' the  Frivestigations  were  Installed  either  in an 
altitude wind tunnel or Fn an  altitude  test  chamber;  some data were also 
obtained from static  sea-level  test stan&. A l l  engines  were imtalled - 8  
on thrust-measuring  Ij-tforms. - .  . fg  

rz 

In the  engine  installations,  the principal Fndepentlent  operating . .. 

variables  were  afterburner  fuel-air  ratio  and  inlet  pressure. Varia- . .  . 

tions  in  fuel-air  ratio  required  simultaneous  variation  in  exhaust- 
nozzle  area  by  use of either a variable-geometry nuzzle OT a series of 
fixed nmzles in order to maintaimr  constant  turbine-inlet  temperature; 
control of afterburner-inlet  pressure was obtained by varying the e-- 
lated  altitude of engine operation.  .Varf&tions  in  afterburner-inlet ve- - 

locity  could  be  made  independently  of  other  operating  variables only by 
changes  in  af'terburder  diameter.  Afterburner-inlet  temperature was es- 
tablished  by  engine  operating  requirements,  and was not.an  independent L 

- 

variable of operation. . .  " 

Because  the  operation of the  blower rig wae not restricted.by any 
engine  operating  requirements,  changes i n  inlet  velocity  could be made 
at  constant-values af inlet  pressure  and of &el-air  ratio by varfa- 
tions  of  the  exhaust-nozzle  area. 

When  the  afterburner  on  the  engine  setube was equipped with a 
fixed-area  exha;ust  nozzle,  the  afterburner-outilet  temperature was de- 
termined  by  two  methods.  One is based  on  f1ow"coiikinuit.y  through  the 
nozzle  throat  and  the  other  on  momentun, or jet-thrust,  considerations. 
With  the  flow-continuity  method,  the  actual  measurements  required  to 
compute  exhaust  temperature  are  nozzle-outlet total pressure,  effective 
nozzle  flow  area,  and  total g a s  f l o w ;  with  the  momentum  method  they are 
nozzle-outlet  total  pressure,  jet  thrust, and total gas flow. With 
proper  instrumentation and by use of appropriate gas properties and noz- 
zle  coefficients,  satisfactory  agreement  between  the two methods  is usu- 
ally  obtained.  When  the  afterburner was equfppea  with a variable-area 
exhaust  nozzle,  the  outlet  temperature was u s u a l l y  computed only by the 
momentum  method,  becaus.e of the  uncertainty of the effective  nozzle flow 
area under all  coridltlmn-of  operation. In the  blower-rig  setup,  the 
burner  thmrst was not  measured,  and  outlet  temperature a 6  therefore 
computed- only by  the  flow-continuity  method. 8 

? 
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The  combustion  efficiency  of an afterburner has been  ccnnputed on at 
c least  four  different  bases in the  various  references  cited.  These  four 

definitions of cdustion efficiency  are: (1) ratio  of  actual  enthalpy 
rise  to  heat  input tn the fuel, (2) ratio  of  the  ideal  fuel f l o w  for  the 
actual  temperature  rise  to  the  actual  fuel f l o w ,  (3) ratio  of  the  actual 
temperature  rise  to  the ideal temperature  rise  for  the  fuel  flow,  and 
(4) ratio  of  actual enthalw rise  to  ideal  enthalpy  rise  based on the 
corresponding  temperature  rises.  At  fuel-air  ratios  aba-v-e  stoichfomet- 

than  those  camputed  by  methods (1) and (2); at  lower  fuel-air  ratios, 
all four  methods  substantially  agree.  The  data  presented  herein frcan 
different  sources  are,  however,  either  for  fuel-air  ratios  at  which  the 
differences  in  efficiency  are only 3 or 4 percent  or  the  results fram 
any  one  investigation,  or  within  any  one  figure,’are  consistent  within 

, themselves.  It was therefore  considered  unnecessary,  for  the  purposes 
of  this summary report, to reduce all efficiency  data  to a camon basis. 
Because  of  the  differences Fn efficiency  calculations,  however, and be- 
cause  different  types of afterburners  in  various  states of develqpment 
were  used,  the  results  presented  herein should not  be  compared fKlm one 
unrelated  figure  to  another. 

w ric,  methods (3) and (4) give values of  efficiency  appreciably  greater 
or 4 

,* For a l l  calculations,  the  fuel  flow  to  the  afterburner was taken 
to  be  the sum of the fuel eectly injected  into  the  afterburner  and 

bustion  in  the  primary engine cambustor.  The  afterburner  is  thus  made 
liable  for  unburned  primary-cabustor  fuel.  The-afterburner  fuel-air 
ratio  is  defined  as  the  ratio  of  this  weight  of  fuel  to  the  weight  of 
unburned air from the  primary  engine  conbustor  (or  preheater). 

the  unburned  fuel  entering  the  afterburner  because  of  inccmplete  cam- 

The  aerodynamic  characteristics of the  diff’wer  between  the  turbine 
exhaust  and  the  afterburner  inlet  have an important  influence on the 
performance  of  the  afterburner.  These  characteristics,  in  conjunction 
with  those  of  the  turbine,  determine  both  the  velocity  distribution and 
the  mass-flow  distribution  enter-  the  afterburner.  The  effectiveness 
of the  diffuser in reducing the gas velocity  below  the  turbine-discharge 
value  is  important,  because high burner-inlet  velocities  have a detri- 
mental  effect on afterburner  performance.  The  mass-flow  distribution 
determines  the  required  fuel-flow  distribution  and,  hence,  the des- 
of the  fuel-injection  system. In addition,  diff’user  pressure losses 
have a first-order  effect on thrust. 

r Turbine-exhaust.  gases  are  discharged from the  turbine  into  the  an- 
nular inlet of the  afterburner  diffuser  at  average a-& Mach numbers 
from 0.4 to 0.8, and at f l o w  directions  that  may  be  axial  or  as  much  as 
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40° f rcm the  axial, depending on the  turbine  design. To provide satfs- 
factory  velocities at  the  afterburner  inlet,  the  diffuser is usually re- 
quired t o  have an area r a t i o  between 1.5 and 2.0. Space  and  weight  con- 
siderations usually dictate a maximum diffuser length of less  than  twice 
the  afterburner diameter. .. . 

These are extreme diff iser  requirements and in most cases  they lie 
outside  the realm of know diffuser-design  -&ecWqkes. It is  not sur- 
prising  therefore $hat large pre-sswe..  a& ve.locity...ga&Lents usually 
exis t   a t   the   ou t le t  of an afterburner  diff'user, o r  t h a t a n  appreciable 
loss  i n  t o t a l  pressure  occurs i n  the diffuser. 

.I 

.. . 

Effect of Diffluser-Outlet Velocity on 

No precise  cri teria  are known that relate the performme of an 
afterburner  to  the magnitude of.the  velocity  gradient  at  the burner in- 
l e t .  Experience has shown,  however, that afterburxr performance is - 

sensitive  to  the magnitude of the  velocity of the gases floirlng around 
the flameholders, deteriorating 8 s  the gas velocity near the flamehold- 
ers  increases. A typical example  from reference 2 of the  effect of ve- 
locity on the performance of a highly developed afterburner is shown in .* 

figure 1. The afterburner was about 2 feet long and had a conventional 

V-gutter  flameholder..and  c-hveritional fuel-systm cmponknts. As s h m  
in  figure l(s), the   inletveloci ty  a t  the  center of the burner was low 
(typical of mast afterburner  diff'users) compared with the  veloclty i n  
the  regfan of the flameholders. When the average velocity thruugh the 
afterburner was about 380 feet  per second-, the  velocity near the flame- 
holders was approximately 440 feet  per second. As the average velocity 
increased,  the  veloclty in the center of the burner remained about the 
same but the ve loc i ty  near  the flameholders increased. A t  an average 
velocity of 675 feet  per second, the velocity near the flameholders was 
between 600 and 800 feet   per  second. - 

4: 

2 

. . -  

The cambustion efficiency, as shown in  figure l(b), decreased con- 
Side?~ihly as the average inlet  velocity  increased. A t  a burner-inlet 
pressure of 5.70 pounds per  square foot,  the  efficiency decreased from 
about 0.88 at an average inlet  velocity of 380 feet per second t o  about 
0.60 at an average inlet   velocity of 680 feet per second. It, i s a p p x -  
ent that, in   th i s  burner,  the  velocity in the region of the fl~mehOllter6 
may not exceed. 450 t o  500. feet  per--seco& if  cambustion efficiencies of 
0.85 or  higher  are to be maintained a t  l q w  afterbK.ner-.i&et pressures; 
t o  maintain  efficiencies of 0.8, local  velocities ~hou ld  not exceed 
about 600 feet  per  second. A t  high afterburner-inlet  preames, per- . 
formance is considerably less sensitive  to.velocity. As shown i n  the 

" 

L 
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figure,  at a burner-inlet  pressure  of  about U O O  pounds per  square  foot, 
combustion  efficiencies  above 0.80 may be obtained with l o c a l  velocities 
of  about 750 feet  per  second,  corresponding in this  case  to an average 
velocity of about 675 feet  per  second; 

* 

Similar  trends  have  been  found  in  other  investigations. For exam- 
ple, in one  afterburner  development  (ref. 3) in which  the  velocity in 
the  region of the feeholder was about 700 feet  per  second, cabustion 
efficiencies  above 0.72 could  not  be  obtained  at l o w  burner-inlet  pres- 
sures,  even  though a relatively long burner  length was used  and  exten- 
sive  development.effort wa6 expended an the flameholder and me1 system. 

A qualitative  measure  of  the  merit  of an afterburner-inlet  diffuser 
is, therefore,  the  magnitude of the gas velocities  it  provides in the 
region  of  the  flameholder. For an  afterburner  about 4~ feet long that 
is to operate  at low inlet  pressures-or high altitudes,  the  diffuser 
should  provide  velocities  in  the region of the  flameholder  that do not 
exceed 500 t o  600 feet  per  second. On the  other hand, for high inlet 
pressure-s  or low altitudes, l oca l  velocities as high  as 750 feet  per 
second may be  acceptable. 

1 

3 
In the  absence  of a rigorous  method  of  diffuser  design,  two  general 

. .  types of diffuser  have  developed.  One  is a long diffuser  having a grad- - ually increasing f l o w  area, and the  other  is a short  diffuser in which 
the  inner  body  ends  abruptly  at  some  convenient  length.  With  the  short 
diffuser,  the blunt end of the inner body can serve  as p&rt of the flame- 
holding  surface.  With long diffusers, the average  velocity  of  the  gases 
entering  the  burner  is low, but  scme  combustion length is  sacrificed 
(for a given  over-all  afterburner  length);  with  short diff’users, cambus- 
tion length is greater, but gas  velocities are W e r .  It  is  evident, 
therefore, that one of the parameters  of  primary  importance in determin- 
ing  the  effect  of  diffuser  performance on afterburner  performance is 
diffuser  length.  Other  design  features  of  interest are the shape  of  the 
diff’user inner body and the  types  of  controi  devices,  such  as  vortex  gen- 
erators  or vanes, that may be  added to improve  performance. 

Effect  of  Diffuser Length 

The  effects  of.diffUser  length on diffuser-outlet  velocity  profiles 
and  pressure  losses  are  reported in reference 4, which  presents  the  per- 
formance of the series.of four diff’mers  represented in figure 2. Dif- 
fuser  length  varied f r o m  less  than 0.1 to 1.05 dhmeters; all had an 

was a variation in the  shape  of  the inner body  that, as Kill be dis-  
cussed in a subsequent  paragraph,  probably had little  effect on 

outlet-inlet area ratio  of 1.92. Accwanying the  variation in length 

Y 



0 I NAW RM E55Ll2 

performance. The diffusers  were  tested in a duct  that fmposed a 
diffiser-inlet  velocity  distribution  appmrdmating fu l ly  developed pipe 
flow. ws velocity  distribution is an *ortrznste simulation of the 
diffuser-inlet  velocity  conditions'in  some  engines. 

Velocity  profile  at the diffuser  outlet and pressure loss for the 
four  diffusers  are shown in  figure 3. As discussed in reference 4, be- 
cause of the  errors-inherent  in  measuring t o t a l  pressures Fn highly  tur- 
bulent  streams,  the  values of pressure drop presented ahould be  consLd- 
ered  qualitative amiindica-tiv-e sf rekz~tive-iosses only.  Pressure loss 
data for dimser 4 have no intrinsic  signlflcazule,  inasmuch as the dif- 
fuser  consists simply of a sudden expansion. As aifflmei length was in- 
creased  the loss in total-pressure  increased  but  the %locity profile 
improved. 

With  diff'user 3 (fig.  3(b))  the  velacity in the region in which 
flameholders would be located w a s  a'tjo-be 018 d? tlie.-diffuser-inlet  ve- 
locity. If' dif'fuser 3 were  to  he  used with an afterburner,  the  average 
burner-inlet  velocfty  could not exceed approximately 400 feet per sec- 
ond  (corresponding  to a diffuser-inlet  velocity  of about 700 ft/sec), 
if  velocities in the  flameholder  region  are .to be  maintained  below  the- 
500 to 600 feetper second reqwed for  goad high-~titude performance. 
Increasing the length-diameter  ratio from 0.51 (diff'user 3) to 1.05 
(diffuser 1-1 would permit  an  increase  in'average  burner-inlet  velocity 
to  approximately 470 feet  per  second  without  exceeding velocities of 
500 to 600 feet  per  second in the  flameholder region. The  average 
burner-inlet  velocity requirement for most modern  engines is generally 
between 450 and 550 feet  per  second.  It is apparent  that  although  the 
increase in length from 0.51 to 1.05 diameters  considerably  improves  the 
performance  of  this  series, a length-diameter  ratio of 1.0 (at an area- 
ratio of 1.92) is not great enough to assure  efficient burner operation 
at  high  altitudes  for all modern  engines.,. . . . . . - . .  

Data are  not'available  to  show  directly the effect on velocity pro- 
file of increasing the  length of the  1.92-area-ratio  diffusers  beyond 
the 1.05 length-diameter  ratio.  Data from several  different  diff'users 
of varying  area  ratio  are,  however,.plotted  in  figure 4 a6 the ratio o f  
the average  velocity  at  the  burner  inlet ta U approxinaEtte  velocity  at 
the flameholder  radius  against  the  diffuser  length-dianeter  ratio. As 
shown by  %he  solid  curve, which represents  the  three  difflrsers of fig- 
w e  3, the  Improvement in this  velocity ratio as diff'user  1e-h in- 
creases is evident.  Extrapolation of these data Fndicates  that a dif- 
fuser  length-diameter  ratio  of  about 1.5 would permit use of average 
burner-inlet  velocities  of-about 500 feet  per  second.  Figure 4 also 
presents data for two difAzsers-having  greater values of length-dizmsber 
ratio.  One, with an  area  ratio of 1.5, has a length-diameter ra t io  of 
2.35; the  other, with an area  ratio of 1.3, has a-length-diameter  ratio 

.. . 
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of 1.85. An improvement in velocity  ratio is evident  for the longer, 
lower  area-ratio  diff'users  as  ccnnpared  with the 1.92-area-ratio  dif- 
fusers.  Although a direct  quantitative comprison of  the  data for the 
five  diffusers can not  be  made  because  of  differences  in  diffuser-inlet 
conditions,  the  improvement  undmbtedly  results from both  the  increase 
in  length  and  the  decrease in area ratio.  Sufficient data are not 
available  to  separate  the two effects. It appears1 however,  that  with 
reasonably  uniform  diffuser-inlet  conditions,  maldistribution  of  veloc- 
ity  at  the  burner  inlet w i l l  limit.the  average velmity that may be tol- 
erated  without  large  performance  losses  only  for  installations in which 
the  length-diameter  ratio  is  less  than  about 2, and the  area  ratio  is 
greater than 15. 

+ 

1 

Diffusers  Kith  Truncated Inner Bodies 

In many diffusers,  the  flow  separates from the  inner  body  several 
inches  upstream of the  diffuser  outlet. Such f l o w  separation  occurred, 
for example,  in  diffusers 2 and 3 (fig. 2 . In such mses , the  presence 
of an inner body downstream of the separation  point probably has no ef- 
fect on dlff'user  performance.  The diffuser inner body could  therefore 
have been  cut  off  at  the  separation point, thus  providing a reduction 

= in over-all  length  without  altering  the  performance. If, however,  the 
inner  body  is  cut off appreclably  upstream of  the  separation  point, an 
effect  of  length on performance would be  expected.  Performance  of some 
diffusers  altered in this  manner is presented.  in  reference 5; the data 
are summarized  in  figure 5. This figure  presents  the  pressure  losses 
and the  diffuser-outlet  velocity  profile far truncated diffusers of two 
lengths  and o f  two  .lnner-body  angles  (or  diffuser  area  ratio)  for a 
given  length. 

4 

Increasing  the  length-diameter r a t i o  frcm 0.35 to 0.5 resulted  in 
a significant  inrpravement  in  velocity  profile and a reduction in t o t a l -  
pressure  losses of mer 50 percent.  Performance  of  the  two aiffusew 
having a length-diameter  ratio of 0.5 was not  affected  by  the mall '$if- 
ference in outlet-to-inlet area ratio. 

As previously  discussed,  cutting o f f  .the diff'user  before  the sepa- 
ration  point  increases  the  velocity at the  difflrskr  outlet ccqared with 
a diffuser  that  extends  to'the  separation  point. The ratio  of  average 
burner-inlet  velocity to local  velocity in the  flameholder  region  for 
the  two  longest  cut-off  diffusers of figure 5 is  approximately 0.7. 
Such diffusers  could  therefore  be  used  in  afterburners wlth average  in- 
let  velocities of about 390 feet  per  second  without  sacrifice Fn alti- 
tude  performance or increase In burner  length.  Although  the  velocity 
ratio  of 0.7 is  about  the  same  as that presented in figure 4 for a 1.92- 
area-ratio diffuser with a length-diameter  ratio  of 0.51, no  generality 
is  implied  by  the  results  because of differences  in mea ratio and 
diffuser-inlet  conditions. 

I 

i 
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. 
As discussed  previously, it was assumed i n  the investigation of 

diffuser length that  the shape of the inner body has a negligfble ef- 
fect on diffuser perfomnce.  The Validity of this assumption is  6u-p- 
ported by the results of  previously  unpublished NACA teets,  shown i n  
figures 6 and 7.  Figure 6 shows the  configurations and axial area w- 
iation of two diff'users with different.  inner"bodies.that were tested in 
an  afterburning  engine. The rate of change of flow area wfth length was 
greatly  different far the two inner bodies up t o  a length of about 34 . . .$ 

inches. The ve1oc;lty distribution was messurea a t  the 34-inch station. e 
As shown i n  figure 7, the  velocity  profiles Were.. very nearly the same . -. - m. 
with the two inner bodies. These results indicate that inner-body ". . 

shape (for a constant diffuser length) has oflly a minor effect  on 
diffuser-outlet  velocity  profile. The data a l so  showed pressure losses 
for  the two diffusers t o  be very nearly the same. 

. -. 

Flow-Control Devices 

O f  the numerous flow-control  devices that have been used i n  flow 
passages, only vortex  generators have been comprehensively investigated 
i n  diff'users suitable  for af'terburner inlete.. Brief im-eetigations 
have, however, also been made of  annular vanes, annular shrouds or 
splitter.  ducts, and bouncbry-layer- suction systems. 

8 

Vortex generators. - References 4, 6,  7,  and 8 discuss t e s t s  i n  
which vortex  generators were used t o  energize the boundary layer along 
the  inner cone (and i n  some cases along the outer shell as well). Their 
action is  t o  delay flow separationand  thereby  permit use of slightly 
shorter diffusers without loss in performance o r  slightly improve per- 
formancefor  the same diffuser length. It has been found that differ- 
ences in  diffuser-inlet   velocity  profile,  dff'f'user length, inlet whirl, 
and diffuser shape a l l  influence the optimum.vortex generator conf4gu- 
ration. In general, it has. been fauna that effective  vortex  generators 
must be placed  several chord lengths upstream of the diffuser separation 
point and must be long enough radial ly   to  extend through the boundary 
layer  into the free..stream. For diff'users 2 or- 3 Teet Xin dituneter, *-om 
20 t o  40 equally spaced vortex  generators are required. Chord le-h 
was between 1 and 3 inches and angle of attack was between 13O and E? 
i n  most tests. Within t h i s  range, the effectilveness of the vortex gen- 
erators was not  aemftive  to chord length or  angle of attack. The op- 
timum values 09 axial  location and vortex  generator span must be deter- 
mined experimentally for each configuration. 

.. - - 

" 

x 
Typical  effects- of  vortex  generators. . o n  .difmer .pqfomPlance are .  

shown in figure 8. Outlet-velocity  distributions-are given for dif-  
f'users 1 and 3 of figures 2 and 3. The vortex generator.configurations 2 

" 
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used in  these tests were considered t o  be approxhately opt- on the 
basis of  preceding investigations. Twenty-four vortex  generators were 
installed 1 inch upstream of the confluence of the cylindrical  section 
of the diffuser inlet and the curved portion of the  inner body. Each 
was an NACA 0012 untwisted a i r f o i l  of 3-inch chord and 1/2-inch span, 
with  the chord skewed 150 t o  the axis of the  diffuser. A l t e r n a t e  vor- 
tex  generators were skewed to the l e f t ,  and the  intermediate ones skewed 
to the right. With both long and short  diffusers,  the  vortex  generators 
improved the vela-city profile only slightly. 'Ifhe effect of vortex gen- 
erators on pressure drop has also been found t o  be very small. 

Annular vanes. - Cascades of annular vanes aze suggested in   refer-  
ence 9 as a device to improve velocity  distribution  in diff'users. A 
brief investigation of annular vanes for  afterburner diffusers is re- 
ported in  reference.7. Three configurations  investigated and their  
outlet-velocity  distributions are shown i n  figure 9.  In configuration 
A, a cascade  of five annular vanes was installed, with a blunt  inner. 
cone. The vanes w e r e  simple, slightly cambered, sheet-metal hoops with 
rounded leading edges.  Successive vanes had slightly different angles 
of attack, as suggested in reference 9 .  As shown in figure 9, the 
outlet-velocity  profile  with this configuration was fairly uniform, neg- 
lecting szaall ead ien ts  caused by  wakes off the vanes. The pressure 
loss  of configuration A was very high, however (7 percent of diffuser- 
inlet total   pressure).  Configuration B had a longer inner cone, with 
vortex  generators  attached, and no annular vanes. Although the  pressure 
loss was only about  two-thirds that of configuration A, the  velocity 
profile was poor with a large  separated  region  in the center of the 
burner. The vortex  generators were removed fbmn conf'iguration B and the 
two upstream vanes of configuration A were installed t o  form configura- 
t ion C .  Both pressure loss and velocity  profile were about the same for 
configuration c as for  configuration B. 

O n  the  basis of these preliminary  tests, annular cascades appear 
effective in preventing Large gradients i n  burner-inlet  velocity,  but 
only at  the expense of large  pressure  losses.  Additional development 
may produce a more favorable combination of inner body and vanes. 

Spli t ter  shruuds. - The use of sp l i t t e r  shrouds to divide the dif- 
fuser into two concentric  annular  passages was briefly investigated  in 
reference 10. The short diffuser represented i n  figure 10 was tested 
~5th and without a sp l i t t e r  shroud surrounding the  inner body. The 
sp l i t t e r  produced a lower velocity i n  the  outer 4 inches of the diffuser 
outlet,  but  velocity in  the  center of the annulus was increased to  an 
undesirably  high  value. With the  spl i t ter ,   d i f fber   pressure loss was 
slightly higher. 



These results have been generally confirmed by tes t s  in other types 
of diffusers. The use  of  the  splitter reduces the  velocity in one pas- 
sage,  but  the  redetion i s  usually accompanied  by an increase in veloc- 
i ty  in  the  other passage t o  undesirably high values. Although the data 
available are by no means conclusive, sp l i t t e r  shrouds seem t o  be of 
doubtful  advantage. . .  . .  

Effects of. Whirl on Diff'user and Afterburner Performance 

Depending on engine design and t o  some extent on engine operating 
conditiana,  the  direction of flow at   the  turbine  outlet  (diff'user i n l e t )  
may be as much as ZOO t o  30' from axial. Typically, aB the f low pro- 
gresses through the diffuser the angle of whirl Fncresses, .with the 
greatest  increase  occurring  near  the  centerbody. A.6 .a result ,  a 
dif'f'user-inlet w h i r l  angle of about ZOO may result i n  an average 
diffuser-outlet  (afterburner-inlet) whirl angle 88 high as 40° or 50° 
with local wbirl angles near the centerbody as high as 70° or 80° (ref.  
4 ) .  The effects of this  whirl on afterburner and diffuser performance 
have been investigated  in  reference ll and 6ome typical  results are re- 
viewed in the subsequent  paragraphs. 

Effects of whirl on afterburner performance. - In figure U, the 
effects of whirling flow on the cambustian efficiency of the typical 
afterburner of reference ll are shown, The whirl angles at  the diffuser 
outlet (without  etraightening vanes} were greater  than 30° (fig.  =(a>) 
Over most of .   the  flaw  passage. Performance of  the afterburner w i t h  tihis 
large whirl and with most of the whirl eliminated by straightening vanes 
i s  compared in figure l l ( b ) .  It i e  evident. that .w3xLrl has no signifi- 
cant  effect on afterburner  combustion-efficiency. SimiLar results were 
obtained over a range of altitudes between 30,000 and 50,000 feet. Be- 
muse changes i n  whirl angle result  i n  changes i n  velocity and mass-flaw 
distribution a t  the afterburner inlet, it was necessary t o  revise the 
fuel  distribution t o  obtain  an optimum distribution when the whirl angle 
was changed. The afterburner wag otherwise unchanged for the ccxrpara- 
t ive   t es t s ,  

Although whirl angle has l i t t l e   e f f e c t  on combustion efficiency, 
large whirl angles caa lead  to  operational problema. In burner6 with 
a large amount of whirl-and  with fuel Injection ahead of inner-body 
support s t ruts ,  flame may seat in the wakes fraan these struts and cauBe 
warping and buckling of the  diffuser  parts. To avoid  these  operational 
difficult ies,  it seems advisable t o  reduce *irl a t  the burner in le t .  
Experience indicates that whirl angles a t  the burner m e t  up t o  approx- 
imately 20' may be tolerated  withaut  operational  difficulty. 

. .  
. .- 
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Flow-straightening  vanes. - Airfoil-shaped  flow-straightening  vanes 
have  been  installed  at  the  turbine  discharge in several  investigations 
to  reduce  whirl.  Sane  -of  the  vanes  were  fabricated from sheet  metal  and 
some  were  cast.  Typical  effects  of  straightening vanes on the  diffuser- 
inlet  whirl  angle are shown in figure 12. Without  straightening  vanes, 
&irl  angles in excess  of 20° (corresponding to difmser-outkt whirl 
angles  of  approxlmately 40°) occurred  over  most of the  passage.  With 
straightening  vanes,  the wt~irl angle was loo or less. Similar results 
have  been  obtained in other  investigations  (see  fig. =(a)>. 

The  shape of the straightening  vanes  used  is  illustrated in figure 
13. The vanes,  designed  to  produce an Wal discharge,  have  the  leading 
edge  skewed  to  the  diffuser  axis  at the sppromte whirl angle.  This 
inlet  angle  varies  radially  to  match  the l o c a l  whirl  angle,  and  chord 
length  is  greatest in the  region of greatest whirl. M%xirmm effective- 
ness  is  obtained  with  vanes spanning the f'ull passage. A ratio  of "e 
spacing to vane  chord  of  about 3/4 has  provided  satisfactory  performance 
in  several  designs. 

The  presence  of  vanes  in  the  high-velocity g a s  stream at the tur- 
Fine  discharge  has  been  found  to  approldmately  double  the  pressure loss 

caused  by  the  vanes  reduces  the  resultant  velocity over the  flameholder 

flameholder  pressure loss. As a conseweme, it has been  found  that  in 
most  installations  the  over-all  afterburner pressure losses  are  approx- 
imately  the  same  with a d  without  straightening  vanes. 

1 in  the  diffuser-vane  ccmibination. However, the  reduction  in  whirl 

# (by  reduction  of  the  tangential  camponent)  and  thereby  reduces the 

The  primary  function of the  fuel-Fnjection  system  of an afterburner 
is  to  provide  proper  distribution of fuel  and  air  withfn  the  burner  and 
adequate  preparation of this fuel-air mixture  for  conibustion  to  occur. 
Proper  distribution  requires  that  fuel  be  introduced  into  the gas stream 
at  the  correct  locations,  dependent upon the ms6 distribution  of  the 
turbine-discharge  gases  and  the  flameholder-area  distribution.  Adeqpate 
fuel  preparation  camprises  thorough mixing of  the-flzel wfth the  turbine- 
discharge  gases,  and  vaporization of the  mixture  before  it  reaches  the 
flameholder  location,  where  combustion OCCUTG. 

Fuel-Spray Bars and Their Emtallation 

* #  The  type  of  %el-injection  systems  used  almost  exclusively  at  the 
Lewis laboratory  and  that has received  widespread  industrial  acceptance 
is  that of radial  spray bars. These bars are  located  sane  distance  up- 
stream  of  the  flameholder, usually within  the  turbine-discharge  diffuser. * 
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The use of a  relatively  large number of spray bars, each with several 
fuel-injection  orifices, provides the  multiplicity of  fuel-injection 
locations that i s  necessary for good dispersion of f'uel across  the gas 
stream. A distinct  research advantage of Ejpray-bar systems is that they 
can be easily removed forinspection and readily al tered  in  both orifice 
number and orifice  location. 

A photograph .of .a tyglcgl  fuel-.spey bar is-presented -in figme 14. 
These spray  bars are fabricated f r o m  ccoaanercial stainless-steel tubing; 
they are closed a t  the end and equipped with some  means of attachment t o  
the  shel lof   the burner or  burner-inlet  diff'user. The Wide dianeter 
of the  spray bar is usually between 1/8 and 1/4 inch;  the  bars  are fie- 
quently  leFt round, although in many installations  they have  been flat- 
tened somewhat, as shown in the photograph, t o  form a more streamlined 
cross section. The fuel orifices  are simply hole6 drilled through the 
wall of the tubing at  appropriate  locatiags. 

As i l lus t ra ted   in  figure E, the  spray bars are evenly spaced cir-  
cumferentially  in  a  single plane across  the burner or m f u s e r .  They 
are u s u a l l y  cantilevered from their point of attachment on the inner or 
the  outer  shell; addi t ional  structural support is seldam necessary. For b 
simplicity, a l l  the  spray bars m e  usually connected t o  a single 
manifold. .. . . . "  

4 
In the following presentation,  the  distribution of fuel-air r a t i o  

upstream of the flameholder under burning  ccgditiops 1s .discussed far 
various  afterburners. This discussion  presents (I) the  types of radial  
and circumferential  fuel-air-ratio-distribution  afforded by various in- 
ject* sy~tems, and (2 )  the effects of -1-sir-ratio distribution on 
the  over-all performzlnce of the afterburner.  Attention is a l s o  given 
t o  the degree t o  which the actual  fuel-air-ratio  distribution may be 
predicted f ram cmsfderation of the Wection-system  design and the 
mass-flaw profile of turbine e b u s t  gase.6. The accuracy of such pre- 
dictions i s  not only pertinent t o  design-but  the predictions are use- 
ful i n  evalua%ing the  effects of mel-air   distribution on performance 
when actual measurements are not available. The effecte of fuel &&ng 
length,  orifice  size,  injectim  presmre, and direction of fuel  injec- 
t ion on afterburner performance are also summarized. 

- "  

. " 

- 

. . " 

Radial Fuel-Air-Ratio Distribution  in Af'terburner 

Measurements of the  fuel-air r a t i o  across the gas stream lmmedi- 
ately upstream of the flameholder under burning  coaditions have been 
of considerable aid ..to afterburner resear& and development. These 
measurements . h a v e  been 0b-baLne.d ,with .the . N A @  mixbwe. analyzer  described 
in .   detai l  i n  .reference E. The procedure used consista..in  obtaining a 

\ 

I 
. . .. 
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sample  of  the  gas  mixture-with a movable  sampling  probe, oxidizing the 
sample in an electrical  oxidizer or burner, and measuring the  products 
of combustion in the mixture  analyzer. As pointed  out  -in  reference 13, 
it  is  necessary (1) that  the  fuel-air  mixture  be taken into  the  sampling 
tube  at  very  nearly fie-stream velocity,  and (2) that the sample  be 
completely  oxidized  before going to  the  mixture  analyzer.  With  proper 
attention  to  these  points,  very  satisfactory  results  have  been  obtained. 

- 

w 
0 
4 

P 

Effect  of  spray-bar  design on distribution. - A typical  effect  of 
a change  in lmtion of the  fuel-injection  orifices in a matched  set  of 
spray  bars on the  radial  fuel-air  distribution  is  shown  in  figure 16. 
These data, obtained frm a full-scale  afterburner  installed on a blower 
rig  (ref. 13), represent  the  fuel-air  distributions measured 22.5 inches 
downstream of the  fuel-spray  bars.  The  fuel was injected  in a trans- 
verse  direction from 24  spray  bars;  this  number,  as Kill be  illustrated 
subsequently,  provides  about  the  same  distribution  at all circumferen- 
tial  locations.  Sketches of the  spray  bars,  approximately  to  scale, 
a.re included in the  figure  to s h o w  the  locations  of  the fuel-injection 
orifices. . . . -. " - 

With  the  six-orifice  spray bar, the  fuel-air  ratio  varied  from  ap- 
3 proximately 0.070 near  the  center of the burner to less  than half this 

value  near  the  outer  'shell  of  the  burner. By addition of two  orifices 
near the  outer  shell of the  burner to form the  eight-orifice  bar,  the 
fuel-air  ratio was made  nearly  the  same  all  the way across  the  burner. 
The  addition  of a pair of orifices  to  the  spray  bar  thus  altered  the 
fuel-air-ratio  distribution *-om a two-to-one  variation  acroes  the burn- 
er to an essentially  uniform  ZListribution. 

6 

Similar data on the  effect  of  orifice  location on fuel distribution 
are  shown in figure 17 for a f'ull-scale  afterburner  operating on a tur- 
bojet  engine. A 16-orifice  spray bar, with  orifices  spaced as shown in 
the  sketch,  provided  the  somewfiat  uneven  fuel-air-ratio  distribution 
shown  by  the  solid  curve. To increase  the  fiel-air  ratio  near  the  outer 
shell  of  the  burner, a second  set of spray-bars was used  that  incorpo- 
rated a closer  spacing  of fuel orifices near the  outer  shell.  This 
spray  bar, shown in  the  left  portion  of  the  figure,  produced  the  fuel- 
air-ratio  distribution  indicated  by  the  dashed  curve.  Although  the 
fuel-air-ratio  distribution obtahed with  this  spray baz was slightly 
l o w  in the  mid-radial  location,  the fuel-air ratio  near  the outer shell 
was substantially  increased. 

Comparison of measured  and  calculated  distribution. - The data of 
figures 16 and 17 show  that  changes in the  location of the fuel- 

# injection  orifices  produce,  in  at  least a qualitative manner, the ex- 
pected  changes in actual  fuel-air-ratio  distribution. To determine  the 
accuracy  with which such  changes may be quantitatively  predicted, cal- 

J culations of radial  fuel-air-ratio  distribution  were made that  were 
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based on the  radial  location of the fie1 oriffce and the measured zuas~; 
flow profile of the turbine exhaust  gases a t  the sprsy-bar  location. 
These cakulations were thus  based on..a slmrple radial prlrportloment of 
f'uel and a i r ,  neglecting SI+& e f f e c t s . a s   i n e r t w  separation of the-fugl 
and the a i r  and diff'usion of fuel vapor b-eont-the streamtube of air 
passing  each  orifice.. . . . . . . . . . . ." . - . . - . - . . . .  ". . - . - . . ". - - 

L 

. . I  

In  figure 18, . the  results of such .a calculation for the two fuel 
systems represented in figure 16 are comphred with the  F s u r e d  fuel- 
air-ratio  distribution. Although the minor variations of fuel-air- -$I 

ratio  distribution across the radius for each se-parate fuel sr~tem are 
not closely  predicted,  the  general trends and the differences between 
the two fuel systems are predicted with f a i r  accuracy. For both the 
uniform distribution-of.the  eight-orifice bar and the decidedly nonuni- 
farm distribution produced by the  six-orifice %8r, the calculated  fuel- 
a i r  ratio I s  within 0.013 of the messured distribution. . . .. 

- 

-. - 

PC 
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Further evidenoe that these  simple-calculations of fuel-air-ratio 
distribution w i l l  predict  geneml  trends but- not minor, or detailed, 
variations I s  presented in  f igure 19. The measured distributions of 
thi6 figure  are those previously  presented in figur-e 17 .. Again, the  . 

calculated  distrilrutions  agree with the measured distributions with re- 
gard t o  both general  trend  and-level; the quantitative agreement is 
wlthin about 0.018. Further inspection of these data, a6 we11 as other 
data not  presented  herein, shows that the measured fuel-a* ratfo l e  
generally  greater than the calculated  values In the  outer  one-third of 
the burner. This ra ther   general   charactdst ic  is attributed to a cei- 
trif'ugal separation o f  the fuel and a i r   i n  passing through the annular 
diffuser, with the  ftiel  tending t o  fo l low the imitial dal direction 
of  gas f low and the gases. follcnklng more closely  the curved walls of 
the  diffuser imer cane. 

- 

. " 

& 
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From the foregoing, it may be concluded that the g r o s s  or principal 
effects of changes i n  spray-bar  design on the  resulting radial fuel-air- 
r a t i o  distribution under burning canditians may be predicted with satis- 
factory accuracy from very simple considerations of the rELdial propor- 
tionment of the fuel and air. More detailed  considerations of f ' u d  va- 
porization and turbulent diffusion such as discussed in reference 14 
therefore do not appear necessary for  general  afterburner develapment. 
In practice, a fuel-injection system for an afterburner is usually de- 
veloped in  two successive  steps.  First, tihe spray-bar is  designed t o  - 
give  the  desired  distributian on the  basis of simple calculation of ra- 
dial fuel and g8a distribution,  utilizing  for this calculation the ac- 
tual, and usually nolidform, mass-flow profile a t  the qrray-bar loca- 
tion.  Detailed  alterations t o  the spray bar me then made on the h 8 S l S  

of  measurements of the  actual  f'uel-&-ratio  distribution. The. radial 
fuel  distribution  delivered by a spray bar may, of C O U T B ~ ,  be altered 

- 
- 

Y 
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by  changing  the  location 0% the  fuel  orifices,  the  relative  size  of  the 

it has been  found  that changing the radial location of the  fuel ori- 
fices  produces  somewhat  more  predictable  results than does changing 
the  orifice  size. 

I orifices, or  by a c-ination of  both. As discussed in reference 13, 

Effect of Radial  Fuel-Air-Ratio  Distribution on Performance 

The  effect of distribution of fuel-air  ratio an the  combustion  per- 
formance of afterburners-has  been  noted by" investigators  over  the 
past 4 or 5 years. This  research was, until  recently,  conducted  without 
the  aid of actual  measurements of the  fuel-air-ratio  distribution  exist- 
ing within  the  burner. It was generally  observed,  however,  that  fuel 
systems which would  be  expected on the  basis  of  their  design  to  provide 
moet  uniform  distribution  provided  the  highest cmbtion efficiency  at 
high over-all  fuel-air  ratios, and hence  provided  highest mximmn 
exhaust-gas  temperatures.  Same early work reported  in  both  references 
1 and 15 indicated  that  progressive  alterations  ta  the  fuel  injectors 
made  to  obtain a more  homogeneous  mixture of fuel  and  air  raised  the 
peak  combustion  efficiency  and  shifted  the  region of peak efficiency  to 
higher  over-all  fuel-air  ratios.  Reference 1 also  observed  that  the  at- 
tainment of such  "homogeneous"  mixtures requires that  the radial fuel 

turbine-outlet  mass-flow  profiles fmm one  engine t o  another. 

4 

& distribution  be  tailored for  &ch engine  because of variations  in 

Spray-bar  fuel-injection  system.. - Data showing the  effect  of a 
change Fn the  radial  distribution  of  fuel-air  ratio on combustion  ef- 
ficiency  and  exhaust-gas  temperature are presented  in  figures 20 and 
21, respectively. A sketch  illustrating the radial distribution of 
fuel-air  ratio  for  one  point of operation of each fuel system  is  in- 
cluded in the  figures.  The  over-all  fuel-air  ratio at which each of 
these  radial  distributions was measured is indicated  by  the  leader f'rom 
the sketch. mom considerations  of  the  spray-bar  design  (as  discussed 
later)  and  the  constancy  of  the mass-flow p r o f i l e  of the  gases  as d i s -  
cussed  in  reference 13, it is believed that the M a l  distribution  for 
each  system stays about  the  same  throughout  the  fuel-air  ratio  range 
presented.  The two fuel  systems used for  the  data  of  these  figures  are 
those  previously  illustrated in figure 16; they  are describes in greater 
detail  as  fuel-system  configurations 1 and 3 in reference 13. 

For fuel-air  ra%ios  higher  than  about 0.035, the  uniform  fuel-air- 
ratio  distribution  produced  htgher  values  of cmbustion efficiency  and 
exhaust-gas  temperature;  for  lower  fuel-air  ratios, the nonuniform  fuel- 

tribution  also  resulted in a slightly lower lean blow-but limit, as in- 
@ air-ratio  distribution  gave  Slightly  higher  values.  The  nonuniform d i s -  

d dlcated by the small cross-hatched  regions in the  figure. This somewbat 
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better combustor performance a t  low f'uel-air ratios with the -nonuniform 
distribution i s  due t o  the exlstence of lacallzed  regions  within  the 
burner in which the  fuel-air  ratio i s  high enough f o r  good cambustion, 
even a t  the l o w  over-all'values of f'ueJ"air ra t io .  These locally rich 
regions  are  also  the cause of the  reduction in canbustion  efficiency a t  
higher fuel-aLr ratios,  because the l o c a l  fuel-air mixture becames 
greater  than  stoichhmetric and thus  too  rich t o  burn cmpletely. It 
i s  evident from these data, as well as from many other simi- observa- 
tions, that a uniform f'uel-air-ratio  distribution i s  desirable  except 
for an  afterburner  intended  primarily f o r  very low-temperature-rise 
operation. - 

Concentric manifold fuel system. - Data from another  series of 
tes t s  with a full-scale engine in which the.-radiai  distribution of &l 
injection was varied is  presented i n  figure 22. k this afterburner, 
fuel was injected from three  concentric manifolds, each incorporating a 
large number of simple fuel  orifices. The three manifolds were so cqn- 
nected t o  separate fuel thrott les that the  radial  distribution of fuel 
could be varied during operation. A more camplete descrzption of this 
fuel system as well as  the  cmplete  af'terburner may be found i n  refer- 
ence 7. Although the  f'ue-l-air-ratio  distribution was not measured dur- 
ing the tests, the dfstribution provided by one method of operation w- 
ative t o  another m a  cmputed on the basis of the number and the loca- 
tion of fuel-lnjection  orifices i n  operation;  the  distributions are-il- 
lustrated by the sketches i n  the upper part of the figure. WhUe no 
claims c m  be made for quantitative accuracy of fuel-sir-ratio distri- 
bution, it is apparent that systems A, B, and C provided  progressively 
more uniform radial   distribution of f'uel. 

The canibustion efficiencies concoaltag$ .with-.the".tQree different- 
fuel systems are sham i n  the lower part of the figure. Although the 
peak efficiency has the. same value for a l l  three systems, the fuel-air 
rstio at  which peak efficiency  occurred  shifted  to.progres8ivel.y higher 
Values of over-all  f'uel-air  ratio as the f&l distributLon became more 
uniform. These data  i l lustrate the desirability of a multiple, OT a t  
least ,  a dual, orifice system i f  efficient  operation is req*ed Over 
a wide range of fuel-air   ratios.  Such a dual or i f ice  system, which 
could  provide  a nonuniform (locally rich} fuel distribution for low- 
temperature  operation and a uniform mixture for high  temperature, is - 

mentioned in  reference 1 also. Dual systems have not been put- into .- -. . 

actual use in  full-scale- af'terburners because -their primary requiremegt 
i s  usual ly  that of . h i g h  thrust  output;  they have, however, found effec- 
tive  application :to ram-jet combustors where efficient  operation over .a 
wide range of comlitimmfs  required  (refs. 16 t o  L8). 

Locally  rich fuel injection. - A particuhrly  str iking, though ex- 
treme, example o f . t h e  good combustion performance that may be obtained 

.. Q. 
A. 
r- 

b- 



at low values  of  fuel-air  ratio  wfth a nonunifom  fuel-air-ratio d.i&i- 

afterburner  consisted  of 12 radial  spray bars, each having four fuel 
orifices.  At an over-all  fuel-air  ratio  of 0.055, the local fuel-air 
ratio  (fig.  23(a))  varied from about 0.02 to 0.11 across  the  radius of 
the  burner,  with  the  rich region located near the  position  of  the . 
single-ring  flameholder.  The  pnbustion  efficiency  of t h i s  burner  is 
shown  in  figure  23(b);  the  performance of the  burner  with  the  uniform 
distribution  of  figure 20 is  included  for  comparison. As previously 
noted,  operation  with  the  uniform  fuel  distribution  produced a peak ef- 
ficiency  at a fuel-air  ratio of about 0.05 and a lean  blow-out  limit  of 
about 0.03. With  the  very  nonunifom  fuel-air-ratio  distribution, on 
the  other hand, lean blow-out  did not OCCUT until an over-all  fuel-air 
ratio of 0.004 was reached.  Although  the  ccanbustion  efficiency  de- 
creased  rapidly  as  the  fuel-air  ratio was increased,  efficiencies  ap- 

* bution  is  shown in figure 23. 'phe  fuel-injection  system  used  in  this 

M proaching 100 percent  were  measured  at  the  lowest  fuel-air  ratios. : 
T 
n Summary. - A summary of the  manner in wkich afterburner fuel-air 

ratio for peak  combustion  efficiency  varies with the  degree  of  uniform- 

The  abscis6a"of  this  figure  is  the  integral  across  the  burner of the ab- 
solute  value  of  the  difference  between  the l oca l  and the  average  fuel- 
air  ratio,  divided  by  the  average  fuel-air  ratio. A value of zero  thus 

of 0.5, for example,  means  that  the  mean  deviation  of  local  fuel-air ra- 
tios from the  average value is 50 percent  of  the  average. 

3u ity  of  radial  fuel-air-ratio distribution is  presented  in  figure 24. 
L 

t indicates  perfect  uniformity  of  fuel-air-ratio  distribution, and a value 

Included in figure 24 are  all  available  data earn tests  in  which 
the  fuel-air-ratio  distribution was systematically  varied  and  the f'uel- 
air  ratio  for  peak  canbustion  efficiency was observed.  Data frcan ref- 
erences 13 and 19 are  based on actualmeasurem%nts  of  fuel-air-ratio 
distribution  within  the  burner,  while  that f r o m  references 7 and 15 are, 
in  the  absence of actual  mearmrements,  based  upon  the  arrangement  of 
fuel-injection  orifices  across  the  burner flow passage.  The  greater de- 
gree  of  nonuniformity  of  distribution  indicated  by  the  fuel-injector 
design compared  to the actual  measurements  is a result of the  spreading 
and  softening of the  distribution  between the point of' fuel  injection 
and the  flameholder. 

For both  types of data, a rapid  decrease  in  the fuel-air ratio at 
which  peaB  efficiency  occurs  is  apparent  as  the  fuel-air-ratio  distri- 
bution  becomes  less  uniform. In order  to  have a peak  combustion  effi- 
ciency  at a fuel-air  ratio  between 0.055 and 0.06, or  to  provide maxi- 
mum temperature  rise and thrust  mgaentation,  the m e a n  deviation  in lo- 

# cal fuel-air  ratio  should  be no greater than 10 percent  of  the  average 
value. 

4 
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- Circumferential  Distribution of Fuel-Air Ratio i n  Burner 
.) 

Just as the radial  f’uel-air-ratio  distribution i n  an afterburner is 
determined by the number and location of the fuel orifices i n  each radi- 
a l  spray bar ( i f  such a fuel system is  used),-so will the circumferen- 
tial distrFbution be affected by the  spacing between the spray bars agd 
the amount of crossflow  penetration of the f’uei.jet  .into the gas stream. 
The spacing between spray bars is, of COUTSIE, determined directly by the 
number of bars used and the burner  diameter, while the jet penetration 
i s  a function of orifice  size,  gas velocfty,  fuel-jet  velocity, and 
other properties affecting  the  vaporization  rate of the fuel. These 
various  factors are not independent but are, Fnstead, closely  interre- 
lated. In the following discussion,  -the  effect of. the number o f  spray 
bars on both the  circumferential  fuel-air-ratio  distribution and the 
burner performance iz first examined a t  various gaB velocities for a 
given or i f ice   s ize . .  The effects of changing the orifice diameter are 
then  presented  for two gas velo&ities and differesk numbers of bars. 
Although data  covering complete- ranges -of a l l  the .pert&ent  variables 
are not available;  a review of the  available data permitB certain gen- 
era l  conclusions t o  be drawn. 

. . -  

. .. 

Although radial nonuniformity in  distribution of flrel-air ra t io  m&y 
be desirable i n  those  applications  ere efficlent  operation a t  low tem- 
perature rise fs desired, it i s - lag ica l  t o  assume that &e clrcumferen- b - -  

t i a l  distribution,-should always be fairly uniform because of the circum- 
ferential  symmetry of the flameholders i n  general  use. 1% remains, 
therefore, t o  determine the type of fuel system required t o  give a suf- 
ficiently uniform circumferential  distrfbution of fuel-air   ratio a t  var- 
ious gas velocities. 

6. 

Effect of number of spray bars on fue1-air-ra;tio~diitribution. - 
The circumferential  distributions of f’uel-sir r a t i o  provided by 1 2  and 
by 24 radial spray bars are campared i n  figure 25 .. spray bars were 
the same, with eight fuel orifices of 0.030-inch  diameter in  each. The 
gas velocity f o r  khese tes t s  was between 500 and 600 feet  per second; 
fuel was injected i n  a radial  plane. The b m e r  dlameter was approxi- 
mately 26 inches. A measure af the  circumferential  distribution of 
fuel-air r a t i o  is  provided i n  th i s  figwe .by coll3paring the fuel-air ra- 
t i o s  along two rad i i  some 15 inches downstream f’rm the spray bars; one 
radius was directly af’t of a spray bar, and the  other in a phne  midway 
between adjacent spylay bars.. As indicated i n  the upper part .of the fig- 
ure,  the radial f’uel-air-ratio  distribution-is about the same for both 
radi i  when 24 spray bars were used, this result indicating a circumfer- 
entially uniform distribction. When 1 2  sprhy bars’iere used, however, 
the -1-air ratio along the two radii differed by more than 2 t o  1 over % 
most of the area af the  burner. As would be expected, the  difference 
was greatest near the outer shell of the burner, where the  spray bars 9 

. L .- 

. .:- - 
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. were. farther apart, and almost disappeared a t  the center of the  burner. 

radial and circmferential   distortion in  fuel-air-ratio  distribution. 
I Thus, with 1 2  spray bars in  this  afterburner,  there.ezdsted a combined 

It should be noted that the poorer circumferential  distribution 
of fuel with the 12 spray bars exlsted  in  spite of the  higher fuel- 
injection  pressures  associated with the smaller number of fuel ori- 
f ices.  This result  i s  contrary t o  what would be expected f o r  nonva- 
porizing  liquid  jets, inasmuch as the correlation of  reference 20 f o r  
liquid jets indicates that the higher injection  pressures should have 
essentially of fse t  the greater spacing hetween the bars for  the condi- 
tions of this test; therefore,  vaporization  of the f i e1  had a signffi- 
cant  influence on the circumferential fuel distribGtion. As m i g h t  be 
expected, however, the jet penetrations  generally  inacetea by the  data 
of figure 25 are somewhat greater than would have been predicted from 
the data of reference 21  for air  jets. Although more exact  quantitative 
comparisons are not  possible, it is  apparent that the  penetration  char- 
acter is t ics  of fuel j e t s   i n  afterburners are between those of  liquid 
jets and a i r  jets, with the specific  characteristics depending on the 
various  factors that influence the vaporization rate of the f'uel. 

Effect of number of spray bars on performance. - The effects of the 
nonuniform circumferential  fuel-air-ratio  distribution  illustrated  in 

s figure 25 on the combustion efficFency of the afierburner are  presented 
i n  figure 26. Although the effects of this nonuniformity do not appear 
t o  be as  large as those  resulting from a radial nonuniformity, the cm- 
bustion  efficiency is  7 or 8 percentage  points higher with the 24-spray- 
bar fuel system than with the 12-spray-lxr system over most of the range 
of  f'uel-air ra t io .  

The data of figure 26 were obtained a t  a burner-inlet  velocity of 
500 t o  600 feet per second; they  indicate that, for these conditions, 

' the higher.. fbel-injection  pressures  a66Wiated with the smaller number 
of spray bars did not provide  sufficient  penetration  to  give a uniform 
fuel  distribution. It might be  expected, however, that the fuel pene- 
tration  across  the gas stream would be greater a t  a lower gas velocity 
and the effect  of the number of  fuel-spray bars on the performance of 
the afterburner would be less. That this is actualiy the case i s  i l lus -  
trated in figure 27, &ere the cambustion efficiency at a burner-inlet 
velocity of 380 to  480 feet  per second i s  shorn t o  be the same for  both 
12 and 24 spray bars. For camparison, the cambustion efficiency ob- 
tained a t  these lower gas velocities with the fuel-air-ratio distribu- 
t ion nonuniform in .& radial direction, as obtained f o r  the six-orifice 
spray bar of figure 16, is included as the dashed curve. In this case, 
the ccimbustion efficiency decreased very rapidly with increasing  fuel- 
air ra t io ,  as previously  discussed.  Therefore, while low gas velocities 
permit the number of spray  bars used to be reduced  because of greater 
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f'uel penetration  across  the gas  stream, the  fuel  orifices must be lo-  
cated radially to.  give go@ coverage across  the  burner i f  good perform- c 

ance is  desired a t  high over-all  fuel-air  ratios. 

- 

" .. 

Effect of or i f ice  s i z e  on performance.. - The result6  presented T r F  .. - .. - 
. . " 

- 

the  preceding  section  are  for an orifice diameter of 0.030 inch. As WRS - 

mentioned, a reduction in   or i f ice  diameter may increase  the  rate of fuel 
vaporization  sufficiently  to decrease the  Jet  penetration and thereby 
have ~JI adverse  effect on burner performance. This  effect would be re- 
duced, of course, i f a  large nwiber of spray  bars were used. Data fr& 
reference I 3  carsparing the cambustion efficiency  with 0.030- and 0.020- 
inch-diameter f'uel orifices are presented in figure 28; 24 spray  bars 
were used i n  a 26-inch-diemeter afterburner. It is  apparent that i n  
this  case,  the Jet penetration was not  reduced  emugh by the  reduction 
in  f 'uel-orifice  size  to  affect  the performance appreciably. This result  
was, fmthermore,  obtained  at-  the  relatively  high gas velocity of 500 to 
600 feet  per second. 

. .  

If the spacing between spray bars is similar t o  that provided by 
24 bars   in  a 26-inch-diameter burner, or i f ice  diameters as  small as 
0.020 inch may, therefore, be used even a t  high gas velocities. If, 
on the  other hand, only 12 spray bars are used, an orifice diameter 
of 0.020 inch does not  appear t o  be large emugh t o  provide good fuel 
distribution, even a t  gas velocities no higher  than 400 feet  per sec- . ,  

ond. This conclusion is based on a comparison of figure 27 with fig- 
ure 29, which is  replotted from the data of reference 19. As indicated 
in figure 29, the'spray-bar system far these  data  carprised 12 long 
spray bars, each having 8 OTifices, azid 12 shorter  spray bars with 6 
orifices  per bar.  'Phe performance obtained when all 24 spray bars were 
used i s  compared with that obtained when only the 1 2  long spray bars 
were used. Although an  exact comparison  between the data of figures 27 
and 29 is not possible because different afterb-rs were used, values 
of gas velocity,  burner-inlet  pressure, and b,urner diameter were about 
the same. The principal  difference i s  that 0.020-inch orifices were 
used for the  data of figure 29 as canpared to   the 0.030-Fnch orificeEi 
for  the  data of figure 27. - 

Contrary to  the  satisfactory performance indicated  in  figure 27 
for  the 12 spray bars having 0.030-inch orifices,  the performance shown 
i n  figure 29 for 0.02O-inch orifices was..apprecfably reduced when the 
number of spray bars was. decreased from 24 to I2. .Not only was the max- 
imum gas temperature reduced from 34W0 to 3000° R, but the cambustion 
efficiency  at  the condition of maximum temperature was also about 20 
percentage. points lower, kJlthou@;h the  fuel-,injection pressure at s to i z  
chimetric fuel-air r a t i o  was increased from 25 t o  75 pound6 per square 
inch for  the smaller number of spray bars, the  fuel  penetration with the 
small orifices was obviously  inadequate t o  overcome the wider spacing P 
between the  bars. 

. -  . ." 

* 
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To recapitulate,  the use of as f e w  as  1 2  a r a y  bars i n  a 26-inch- 
* diameter afterburner  prodded good performance only when the gas  veloc- 

i t y  was relatively low (380 to 480 ft/sec) and the f’uel orifices were as 
much as  0.030 inch in diameter. The performance of the 12-bar system 
was infer ior   to  that of the 24-bar system at high gas velocities with 
0.030-Fnch orifices, and at  low gas velocities with 0.020-inch orifices.  
A spra.d--bar spachg correspondlng to 24 spray bars in a 26-inch-diameter 
burner  provided good performance st  high gas velocities (500 to 600 
ft/sec)  with  either 0.020- or O.OX~-inc,h-diameter orifices. Other cam- 
binat ions of or i f ice  diameter and number of spray bars within these lim- 
its should, of- course, be possible. 

Effect of raiAo of orif ice  s i z e  t o  spray-bar’ diameter. - The fore- 
going discussion  indicates the possibility of reducing  the number of 
spray  bars somewhat i f  the jet penetration is  increased by increasing 
the orifice diameter. E k l y  fuel  vaporization is  apparently less with 
the larger  orifices, and the penetration  characteristics approach those 
of a purely liquid jet. (As discussed later, large axial mixing dis- 
tances  permit  adequate fuel preparation for cmbustion. 1 If the fuel 
orifice becomes t o o  large relative to the  internal diameter of the spray 
bar, however, the  static  pressure  within  the bar and the  effective flow 
area of the  several orifices will vary. The effect of this ra t io  of 
orifice  area to spray-bss  area on the  proportion of fuel delivered by 

Plotted  against-the ratio of total fuel-orifice area to spray-bar flow 
area is  the  ra t io  of fuel f low t h r o w  each orif ice   re la t ive  to  that 
through the number 1 orifice. (at the shank of the spray bar).  For each 
value of total orifice area, a l l  orifices were the same size. As th i s  
r a t i o  of t o t a l  orifice a rea - to  spray-bas area increases,  the fuel ori- 
fices  located toward the t i p  of the  spray bar deliver  proportionaUy 
greater amounts of the   total  fuel flow. This variation  in fuel delivery 
is  a result  of the  higher  static  pressure within the bar at the   t ip  and 
the higher relative flow coefficient of the  t ip  orifices. Although 
these  variations are probably negligible for area ra t ios  of less  than 
0.5, the  t ip  orifices  deliver as much as 50 percent more f’uel than  the 
shank orifices for an  area  ratio of 1.0. 

c each orifice i s  reproduced ftrm the  data of reference 13 in   f igure 30. 

I 

J 

As discussed in  reference 13, other  factors  affecting  the amount 
of fuel  delivered by each orifice are the length-weter r a t i o  of the 
or i f ice  and the method of dr i l l inn the hole.  Orifices having small 
length-diameter ratios,  with the hole drilled undersize and reamed to  
f ina l  s i ze ,  produced the greatest uniformity of flow from one orifice 
t o  another.  Orifices produced i n  this manner have flow coefficients 
i n  the range of 0.5 to 0.6, based on the f’uel pressure Fn the  spray 
bar. 

Effect of direction of fuel injection. - The data presented BO far 
on fuel-Lnjection systems w e r e  obtained with the h e 1  injected i n  a 
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transverse  direction,  that  is,  across  the gas stream.  It  might  be ex- 
pected  that  this  direction  of  injection would be  somewhat  better than an c -  

upstream or downstream  direction, simply because  it would provide EL bet- 
ter  f'uel  coverage of the gas stream;  This praise is  substantiated in 
figure 31, which ,compares  the  combustion  efficiencies  obtained  when fuel 
was injected  alternatively i n  a transverse, upstream, or downstream di- 
rection ftrm an otherwise  identical  system.  Although t,& effect of the 
direction of fuel  injection  is  not  large  at low f'uel-air.ratios,  the cam- 
bustion  efficiency  at  the  higher  fuel-alr  ratios is considerably  higher 
when Fuel is  injected  in 8 transverse  direction  than  when Uected ei- 8 
therupstream OP downstream.  It  should  be mted that this  rather sfg- 
nificant  effect of the  direction of fie1  injection was obtained  with a 
fuel-mixing  distance  of 29.5 inches;  if a shorter fuel-mixing distance 
had  been  used,  the  effects  might have been  even  greater. 

" 
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FI 
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A further  comparison  of  the  combustion  efflciency of an afterburner 
with  upstream and with downstream  injection  is  presented  in  figure 32. 
In this  burner,  three  concentric  fie1 manifolds were used;  in  one  case 
fuel was injected in a downstream  direction froni ail thee manifolds,. 
and in the  other case the  direction  of  injection of twb of the manffolds 
was reuersed.  At  the  higher  burner-inlet  pressure,  the  effect of this 
change in direction  of niel injection was not large, but perfomnce at 
the  pressure  of 620 pounds per square foot  absolute was considerably 
better with upstream  injection,  particularly at the high fuel-air ra- 
tios.  The  very small fuel-mixing  distance  used  in  this.  afterburner 
(1.5 inches)  probably  accounts  for this rather  Large  effect of changing 
h-om a downstream  to an upstream  direction In this  case. 

Effect  of  f'uel-mixing  distance on perfokce. - There  are  few data 
indicating  the  isolated  effect o f a  change I n  the  f'uel-mixing  distance 
(the  distance  between  the  f'uel  injector  and  the  flameholder). It has 
been a matter of almost  universal  experience,  however,  that  relatively 
large mixing distances  (approaching 2 ft) are required fur satisfactory 
performance,  particularly  at low burner-inlet  p&ssures..  The summary 
repost of reference 1, for  example,  inttiakes an appreciable  improvement 
in  high-altitude  performance  of an afterburner hen the f'uel-mixing 

length was increased from 17z to 25- inches. The  improvement  in  per- 1 1 
2 

fomnce of one series of afterburners relative  to that of another  se- 
ries  described  in  reference 22 is  also  largely  attributed to an increase 
in  fiel-mixing distance. Although there is probably sane basis for the 
viewpoint  that  large mixing distances.  tenrl..-i;a.&gravate  %he  problem of 
combustion  instability,  all available -rience  wfth  afterburners of 
many types  indicates.  that.  the  cmbu&ion  performance  at high altitude 
will not  be  satisfactory with mixing aistances  of only a few  inches. 
The fuel-mixing distances of all  the  afierbuiners  investigated  at the 
Lewis laboratory  tha€ have what  might  be  considered  satisfactory high- 
altitude  performance-have  been  of  the order.of 20 inches or more. 

I 
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A s  in most of the various aspects  of  cafbustor  design,  howledge 
of f b e h o l d e r  design  principles has been accumulated empirically. The 
first experiments with afterburners showed that various bluf'f bodies i n  
the air stream successfully anchored flame and provided a source for  
flmther  propagation of cambustion throughout tlze burner. Following 
these early results, numerous experiments have been performed to explore 
the size, shape , and arrangement of bluff-body  flameholders with the ob- 
jective of obtaining high combustion efficiency, high alt i tude l i m i t s ,  
and low pressure  drop. Because these experiments were necessazily  car- 
r ied out  simultaneously with eqeriments  to improve the design of other 
parts of afterburners, such as f'uel-injection systems and in le t  dif- 
fusers, the.relations among the results of t e s t s  on different afterburn- 
ers  are obscure i n  naany cases. Wherever possible, however, the results 
presented  herein are selected from experiments that covered a range of 
pertinent  burner  designs. I n  this manner, the degree  of generality of  
the results is revealed. Although types of flameholders other than 
bluff  bodies  (such as pi lots  and cans) may have considerable merit, the 
absence of  informtion about them makes it necessary t o  llmit the pres- 

.I ent  discussion t o  bluff-body flameholders. 

The flameholders that will be discussed are all f o m d  of annular 
& rings or g ~ t t e r s  constructed i n  a manner sbzilar t o  that shown i n  fig- 

ure 33. The flameholders me usually  attached to the wall of the burner 
Kith several streamlined struts .  Although several methods of fabrica- 
t ion have been employed, the most satisfactory method Fram the stand- 
point of durability and ease of manufacture has usually been t o  weld 
sheets of Inconel  about 1/8 of an inch thick into the shape required  (in 
this case a V) and smooth o f f  the weld on the external surfaces by 
grinding. Radial interconnecting  gutters are similarly formed and at- 
tached by welding. 

Effects of Cross-sectional Shape 

I 

J 

In references 23 and 24, a theory is  advasced t o  explain the nature 
of s tabi l izat ian of flames on gutters. A c c o r d i n g  to the  theory,  hot 
gases from the burning boundaries  of the fuel-air mixture surrounding 
the wake from a bluff body are  recirculated upstream and enter the rela- 
tively c o o l b o ~  near  the body.  These hot gases increase the tem- 
perature of the mixture  and carry ignition  sources-into the mixture. By 
this  process,  ignition of fresh mixture is  init iated,  and a continuous 
process of ignition i s  maintained. . 

Isothermal W e  flow. - h experimental  evaluation  of the effect 
of cross-sectional shape on the  recirculation  characteristics of bluff 
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bodies i n  isothermal flow i s  gX-%-en .in  reference 25. "BlufXness" of a 
body is considerea t o  be qualitatively proportional to  the 6um of the 
angles between the  body's  tratling edges and its axis of symmetry. It 
was reasoned that the recirculation  characteristics of a bluTf body 
were directly related t o  vortex  strength  (ratio of tangential  velocity 
t o  vortex radius) and to  shedding f'requkhcy of the vortices formed i n  
the wake. Bluff  bodies of twelve shapes were investigated; with the 
aid of hot-wire and flow-visualization  techniques,  the strength and 
shedding Frequency of the vortices were determined. Same of the prin- 
cipal results are shown In figure 34. 

I n  figure 34, the  ratio of vortex  strength to approaching  as ve- 
locity is plotted  against the r a t i o  of  shedding flrequency t o  gas veloc- 
i t y  for  five  representative shapes. The various  shape.Pnvest1gated 
are shown in  the sketches i n  the symbol key. The flameholders were 
circumferentially symmetrical except for  the V - g u t t e r  flmeholder with 
the vortex  generators  installed on the upstream spl i t ter   p la te .  The 
vortex  generators of this flameholder were essentially-.+ vanes lg- 
stalled on both the inner and outer  surfaces of the spl i t te r  vane or 
projecting  cylinder. The vanes. w e r e -  inclined at an angle of. about 16O 
t o  the .axis of the burner and were about 3/4 of an inch high and 1 . 2  
inches i n  chord. The gutter d d t h  of each  flameholder at the open  end 
was 3/4 of an inch. In figure 34, the  general trend of increasing 
strength and decreasing fkequency with increased  bluffness of the flame- 
holder is apparent. The changes i n  vortex  strength and frequency are 
large. 

Canbustion efficiency. - To determine the possible  relation of 
these isothermal-wake characteristics t o  cambustion p e r f o m c e ,  test6 
were  made in  a simulated afterburner  facility t o  evaluate combustion 
efficiency,  stability limits, and-pressure-loss  characteristics.of 
flameholders with cross-sectional shapes similar t o  those  tested  in 
cold f l o w .  The results of  this investlgatlon  are  reported in reference 
2 and a&dltional t es t s  of t w o  shapes are reported in reference 26. "yp- 
i ca l   resu l t s -a re  shown in figure 35, where the combustion efficiency is 
plotted  against  afterburner-irilet  .pressure. The,  two upg?er-c-ryes rep- 
resent  typical data selected from'reference 2 and the tyo lower curve8 

are from the  afterburner study of ref-ence 26 . '  Although the  efficiency 
levels of the two afterburners differed by about 25 percent (because OF 
differences  in  flmeholder s ize ,  fuel distribution, burner  length, and 
burner-inlet velocity), the changes in  efficiency with change i n  flame- 
holder cross-sectional shape are about the same f o r  both. In both aft- 
erburners, combusti-on efficiency was 2 t o  20 percentage points lower 
with the U-shape gutter  than with the V-shqe e t t e r .  For both burners, 
:he difference in efficimcy was greater a t  the lower inlet  pressures. 

. . ". . 

. . . . . . . . - . . . . 
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In figure 36, the  afterburner  combustion  efficiency  is  plotted as a 
f'unction  of  afterburner-inlet  velocity  and  pressure  for  various shapes 
of  flameholder  gutters. Parts (a) to  (c)  of  this  figure  are  for a f'uel- 
a i r  ratia  of 0.047, and parts (a) to (f} for a fuel-ai-r  ratio of 0.061. 
Data  are  shown  for  ten  flameholder  cross-sectional  shapes.  The  general 
trend of decreasing  combustion  efficiency  with  increasing  afterburner 
velocity  or  decreasing  inlet  pressure  is  consistent for all  shapes  in- 
vestigated,  but  scatter  of  the data obscures  any  general  effect of shape 
on  performance. 

To aid  in  comparing  the  efficiencies  of  the  various  flameholders, 
the  arithmetical  average  difference  between  the  efficiency  observed  with 
the  V-shape  flameholder  aqd  with  each  of  the other shapes was calculated; 
these.differences in efficiency  are  plotted  in  the bar graphs of figme 
37. Included  in  the  calculations  are a large number of data points that 
cover  values  of  fuel-air  ratio  between 0.02 and 0.08, burner-inlet  ve- 
locity  between 400 and 700 feet  per  second, and burner-inlet  pressure 
between 500 aad 1200 pounaS per s q w e  foot.  Because  insufficient data 
are  avatlable t o  isolate  the  effects  of  these  variables,  the  observed 
values  of  efficiency  at a l l  operating  conditions  for a given  flameholder 
were  averaged  together. In view  of the trend  of  decreasing  efficiency 
difference  with  increasing  pressure  shown in figure 35, the over-all av- 
erage  differences  shown i n  figure 37 are probably  conservative  for low 
pressures  and  extreme for high pressures. 

The  results  of  figure 37 show that  the  U-shape  flameholder  is in- 
ferior  to the flameholders  of  other shapes by &mounts varying fra 4 to 
10 percent. Among the several  shapes  with  highest  efficiency, differ- 
ences  of only 2 or 3 percent were obtained.  Below  the bar for  each 
flameholder  shape  is  given  the  corresponding  value  of  cold-flow  vortex 
strength from reference 25. There is no apparent  correlation  between 
combustion  efficiency  and  cold-flow  vortex  strength. It is  evident f k o m  
these  results  that  although the U-shape  gutter  is  inferior t o  gutters  of 
most  other  shapes  (particularly  at low pressures), only small differ- 
ences  in  combustion  efficiency  aze  obtained  by  using  fLameholders  with 
cross-sectional  shapes  other than the  V-shape. 

Blow-out limits. - The  effect  of  cross-sectional shape on operable 
fuel-air-ratio  range  is shown. for several typical skpes in figure 38. 
Data from references 2 and 26 are  included.  The  effect  of  gutter  shape 
on  the  lean  and  the  rich  fuel-air  ratio  limits is mall (0.005 to 0.01). 
The  principal  effect  of shape apars to be that  the minimum pressure 
for  stable  combustion  is  about 200 pounds  per squa;re foot higher  for  the 
U-shape  flameholder  than  for  the  other  shapes  investigated. 

Pressure loss. - The  effect  of  flameholder  shape  on  total-pressure 
loss between  burner  inlet  and  outlet  (excluding  pressure  losses in the 
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diffuser) i s  shown i n  figme 39. Without. burning  (temperature ra t io  of - 

1-01, the  pressure loss i s  frm 1 t o  2 percent o f  burrier-inlet  pres- 
sure. With the exception of. the flameholder with knife qdgw mounted on 
the sides of the  gutter  (square symbols), the  pressure Losses are the 
same Wltb the various flameholders withip Ll percent ov&c the r e e  of 
burner-temperature ratio  investigated. Data for  pressure drop with the 
U-shape @;l.ltter are. s;vailable  -.reference 2 only for the nonburning 
condition and are  therefore .shown f o r  t h e  t&pefaihre ratio of 1 .O i n  
figure 39. During cold flow, the pressure &op for the- U-shape gu t te r  
i s  approximately the same as for  the  V-gutter; Data..*@ reference 26 PI"  Q 
indicate, however, that during  burning  the  pre_ssEe-loss  ratio is 0.01 
t o  0.02 less-  with the U-shape fJanehcLder than with a -V-gutter flame- Mi : 

holder of the same s i ze  22%-percent  blockage . 

. . . - - . - . .. - 
e .  
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In summary, the experimental  investigati.ons have shown that af ter-  

burner  combustionmYiciency may vary as-much a6 10 percent with flame- 
holder cross-sectiowl shape. O f  the various -shapes investigated, the  
U-shape flameholder was inferiar i n  both s tab i l i ty  lLmit and combustion 
efficiency  to all others. Combustion efficiency and stabi l i ty  limits 
of several shapes were camparable to  the V-shape flameholder.  %essure 
losses fo r  most of the shages-were  approximately the same. k 

. .- 
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Effects of Gutter Width, Number of Gutters, and Blockage 

on Canbustion Performance 

5 
. .- " 

The size and arrangement of flameholders is one o r t h e  dominant 
factors  affecting  afterburner performaqcs. The best  i2raeement of 
flameholders i s  a mction of the  fact& of-environment i n  which the-. 
flameholder mst operate, such 8 6  velocity and f'uel-air1rati.o distribu- 
t i on   a t  the flameholder and type of waU"cnd2bg eysteiused. It is 
evident,  therefore,  that a single opiimum lo&tion-(axial  and radlal 
spacing) of flameholders does not exist  f o r  all possible environmental 
conditions. Some general trends and qualitative  indications of best 
location  me, however, discussed i n  a subsequent sectlop. In this sec- 
t i on  the  effects  or-gutter_widt@, number of gutters, -and blockage will 
be shown for a wide .range of enyLronmenG1 conditlons j general  trends 
that are   to  a large degree. .independent of..environment ai% discussed. 

- 

A l l  .the results &re .for unstaggered.. flamehod~s. -. 

". . .- - - 
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Gutter width. - Some effects of gutter width are i l lustrated i n  
figure 40. It is, of course, @possible i n  any experiment t o  isolate 
the individual effects of gutter width,< gutter diaineter, nuriiber Of gut- 
t e rs ,  and percent bloclrage. The effects shown i n  figure 4 0  may, there- 
fore, be Fnfluenced..to 6- degree by variables other than  gutter width 
and number of gutters. An atterrrpt was made i n  each test t o  minimize 
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the  extraneous  effects. In most cases, the flameholders were located 

effects of small changes in gutter  diameter.  Particular emphasis was 
placed on-providing a uniform f id-air-rat io   dis t r ibut ion a t  the flame- 
holder  locatzon. 

- i n  regions of nearly uniform afterburner-inlet  velocity  to  avoid Large 

w 
4 
0 

. p  

E-I figure 40(a), some resul ts  from reference- 26 are shown.  Canbus- 
tion  efficiency a t  a f'uel-air ratio of 0:04 is  plotted against burner- 
inlet pressure  for t w o  flameholdem,  each  having two r i n g s  and the sanie 
blockageFbut Kith gutter widths of 2 and 1.6  inches. The 2-inch-wide 
gutter produced a combustion efficiency two to  five  points lower than . 
the  1.6-inch  gutter. Tests in  the same afierburner showed that with 
1/2-inch-wide gutters  canbustion  could  not be  maintained a t  a l l  at pres- 
sure levels below approximately loo0 pounds per  square  foot  absolute. 
The data shown i n  figure 40(b),  taken from unpublished NAGA tests, are 
contrary  to  the width trend  indicated  in figure 40(a). For th i s  after- 
burner, a flameholder w i t h  a 2-inch-wide gutter had a canbustion e f f i -  
ciency 2 t o  6 percentage  points hfgher than a  flameholder with a 
inch-wide gutter. In figure  40(c),  the results from reference 27 are 

2 

5 

I shown f o r  two flameholders,  each having three-V-gutter rings. The 1- 1 

inch-wide gutter had-48-percent blockage, and the 3/4-inch-wide gutter 
had 29-percent  blockage. A t  inlet pressures near loo0 pounds per  square 
foot  absolute, the- Zfferences in gutter width and blockage had no ap- 
preciable  effect on canbustion  efficiency. A t  lover pressures,  the 
flameholder with.n.arrower gutters and less blocked area produced a cam- 
bustion  efficiency as much as 5 percentage  points less than  the wide 
flameholder.  Observation of the flame during the tests showed that at 
pressures less than 800 pounds per square foot  absolute  the flame was 
part ia l ly  blown out with the 3/4-inch gutter, whereas the flame with 
the  12-inch  gutter was steady and  camplete. It is thus  indicated that 
the  reduction in efficiency a t  low pressures was due to the narrow gut- 
ters rather  than  the smaller blocked area. 

1 

Although there are inconsistencies  in  the data, it appears that in- 

creases in   gut ter  width above 15 inches have no large  effect on combus- 

tion  efficiency. Reduction i n  gutter width f r o m  2 inches t o  3/4 inch 
has no large  effect on canbustion  efficiency, but may came  instabil i ty 
of the flame at  low pressures. Gutter widths of 1/2 inch  did not sup- 
port combustion a t  inlet  pressures less than 1000 pounaS per square foot 
absolute. These results were obtained  with  several  arterburners and are 
apparently independent  of burner-inlet  velocity over the range between 
450 and 620 feet  per second. Because a l l  the  burners  investigated were 
4 feet or more i n  length,  the  applicability of the results t o  shorter 
afterburners i n  not known. 

1 

2 
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Blow-out lhits f o r  flameholders having different  gutter widths 
(same afterburners that provided. data .of  figs.. $O(a)  and (c )  ) are shown 
in  figure 41. A l t h o u g h  the mini rmun pressure limits are not clearly de- 
fined, it is  evident from %e .consistent trends o f l e a n  and rich blow- 
out limits that the m i n i m u m  pressure for cambustion i s  higher for the 
narrower gutters. The magnitude 0-f the  increase  in rnfnbpm pressure 
limit as gutter KLdth decreases f r o m  2 inches t o  3 f4 inch is probably 
of the order of 100 pounds per  square  foot.  Effects  of number of gut- 
t e r s  on blow-out liinits for €he afterburners  investigated  in  reference6 
26 and 27 w e r e .  hegXgible. . .  

Number of gutters. - Some data showing t h m e c t s  of the number 
of flameholder gutters or  rings on combusti& efficiency-are  presented 

i n  filgure 42. In t h i s  figure, a lLinch-wide, three-ring flameholder 2 

i s  campared with a 3/4-inch-wide, three-ring flameholder and a 1-inch- 
wide, tworring  flameholder. As discussed  previously i n  connection with 
the  effects of gutter width, the lower efficiency of the 3/4-inch-wide, 

three-ring flameholder at l o w  pressures  relative t o  the %-inch-wide, 
three-ring flameholder i s  attributed t o  par t ia l  blow-out (a gutter- 
width effect)  of the m o w e r   g u t t e r s .  The three-ring, 3/4-inch-wide 
flameholder and the two-ring, 5-inch-wide flamehdder both had a 

I 
2 

1 

1 

blockage of 29 percent. The three-ring, l$-inch-wide flameholder had .-  

a blockage of 48 percent. Comparison of these three flameholders shows 
that except in  the  region of par t ia l  blow-out for the. 3/&-inch gutters, . 
there is  an improvement of about 5 percentage points  in combustion ef- 

. ficiency, if  three  rather  than two flameholder rings are -used. I t i s ,  
of course,  not possible t o  separate ccanpletely the effects of blackage 
from the effects of number of rings. Comparison. of the tPlree curves a t  
an i n l e t  pressure of lo00 pounds per  square foot (above the  region of .. 

part ia l  blow-out f o r  the 3/4-inch gu”ters) indicates that blockage in  
the range from 29 t o  48 percent has no separate effect on ccanbustion 
efficiency. A t  lower pressures, the effects of llumber of gutters and . 

blockage on cambustion effic-y are not  separable,  but as  is  shown 
subsequently, it i s  probable that blockage effects .are small. .. 

The observed effects of number of gutters, as pointed  out i n  ref- 
erence 27, are probably due t o  the increased average burning time ob- 

tained by using  three rings six flame fronts o r  lz- or  2-inch  spacing 
between gutters , rather  than two rings (four flame fronts or about 3- 
inch  spacing between gutters ) . If the flame front always extends down- 
stream fran the  gutter edges at a p p r d t e l y  the same angle, it is  ob- 
vious that the flrel particles dl-1, on the average,  encounter a flame 

1 ( 1 
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eont   fa r ther  upstream in the case of the  three-ring  flameolder than 

time is  greaker for the larger n&ber of flame fronts. 
c i n  the case of the two-ring f h q e o l d e r .  Eence, the average burning 

31 

Although the  avaikble data are meager, it appears that, i f   the  

gutters are wide enough approximately %- inches t o  prevent par t ia l  
blow-out a t  low pressures, gains i n  efficiency of 5 t o  7 percent  are 
possible a t  burner-inlet  pressures between 500 and 1000 pounds per 
square foot, by using three ~%th&r t k n  two flameholder rings. Data 
are not available  to  determine.the magnitude of the  effects a t  higher 
pressures. In  view of the  apparent  insensitivity of  combustion e f f i -  
ciency t o  flameholder d e s i g n  at"high  afterburner-inlet  pressures, it 
is probable that an  afterburner  sufficiently long t o  operate  efficiently 
a t  l o w  inlet  pressure would not be appreciably improved in performance 
a t  high pressure by using tliree flameholder r i n g s  -instead of two. 

[ 1 1 

Blockage. - Effects of blockage on afterburner combustion effi- 
ciency are shown i n  figure 43 f o r  several  afterburners a t  a high and 
a low pressure  level. Data f o r  th i s  figure were obtained with s ix  
afterburners, of which three were fi t ted with different flameholders 
t o  v a r y  the blockage. The mmber  of flameholder gutters used is in- 
dicated by the symbols. Included among the tests are a wide variety 

erage  velocity  level a t  the burner M e t ,  number of flameholder rings, 
and gutter widths. All the  afterburners are similar, however, in that 
fuel was -injected  sufficiently far upstream t o  ensure  adequate mixing 
and vaporization time and burner  lengths were great enough t o  provide 
adequate burning time. Although the data a t  high pressures  are f e w  and 
no one afterburner was investigated over a range  of blockages a t  this 
high pressure, it .is evident that blockage effects at pressure  levels 
near 3000 pounds per s- foot  are very smll. These effects are 
confirmed by many results, such as those  discussed i n  reference 28, 
which r e p r t s  afterburgers that operated with high efficiency a t  
burner-inlet   preswes of the order of 3000 pounaS per  square  foot 
with blockages as l o w  as 15 +o 20 percent. 

< 

. of fuel-air-ratio and veiac i ty"~6t r ibu t ions  a t  the burner inlet, av- 

A t  lower pressures  (fig. 43(b) >, gains in efficiency by increasing 
blockage  beyo&-30 percent  appear t o  be negligible. The data f o r  the 
upper curve of figure 43 are representative of three of  the best cur- 
rent  afterburner designs (afterburners of refs. 7, 27, and 29) i n  ap- 
proximately the same state of development. The small effect of flame- 
holder blockage -on cambustion efficiency  for blockages greater than 30 
percent is particularly  apparent in these data. 

7 

For blockages less than 30 percent, the combustion efficiency de- 
creases as  blockage decreases. A s  indicated in the figure, however, the 

J 
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decrease in efficiency with blockage is greater when blockage is reduced 
by decreasing  the number of flameholder gutters  than when blockage is 
reduced by decreasing  the width of the gutter9 and retaining  the same 
number of gutters. The reduction in efficiency  at   the lowest blockage- 
may, therefore, be due a t  least in   par t  t o  the use of single-gutter 
flameholders. The lower curve of figure 43(b) is  for flameholders hav- 
ing two gutters, and it is evident that in-this case the decrease i n  ef- 
ficiency as blockage decreases below 30 percent is much less than for 
the  other two curves. These results are f'urther corSirmation of the ef- 
fects of number of  flameholder gutters discussed  previously i n  connec- r( 

t ion with figure 42. 

... 

" 

a -  
IC -m 

Although the effects of blockage on operable f u e l - a i r - r a t i o  range 
aad minimum pressure  for  stable combustion have not been well docu- 
mented, isolated  obsemtions do not  indicate any large or  consistent 
trend with blockage. .. 

. .  _. 

A l l  the results preaented i n  figure 43 are for flameholders with 
fo~r to six radi~~l gutters  interconnecting the ~IIUIBZ b t t e r s .  Sev- 
eral experiments have shown that these  interconnecting  gutters have 
little effect on caaribustion efficiency, except a t  conditions neaz the 
m i n i m u m  pressure limit. It has been shown that in some case6 use of 
interconnecting  gutters improves combustion efficiency a d  operating 
range of fuel-air   ratio a t  very l o w  inlet pressures  without any-ap- 
preciable  penaltr in flameholder pressure loss. 

Sumtuary . - The nuuiber, arrangement, and size of  flameholders (of 
the V-gutter type)  are important desi@ considerations. For stable 
and efficient combustion a t  afterburner-inlet  pressures down t o  600 

pounds per square foot, minFmum gutter width appears t o  be about 1~ 1 

inches. A t  very high burner-inlet  pressures,  both two- and three- 
ring flameholders have about the same cmbustion  efficiency; at in- 
termediate and low pressures,  three-ring  flameholders &e superior.. 
A t  burner-inlet  pressures around 3000 pounds per square foot, change 
i n  flameholder  blockage over the range f'rcnn approximately 25 t o  40 
percent has negligible  effect cm cmbustion  efficiency. A t  l o w  pres- 
sures (800 lb/sq f't o r  less), i n  order to.provide a sufficient number 
of flameholder rings of adequate width, blockages o f  30-percent or 
more must be used for maximum combustion efficiency.  Gutter width 
has a first-order effect on minimum pressure  for  stable combustion 
and on fuel-air-ratio range of afterburners; radial  gutters  intercon- 
necting  the ann~. f lamehal i ie r  rings have 8 favorable effect on low- 
pressure Umits. 

. " .  - . .  



NACA RM E55L12 - 33 

Effect of Flameholder Blockage on Fressure Drop - 
The pressure drop in  the afterburner is  due to   losses   in  the dif- 

fuser  or  cooling  liners,  to  the aeroaynamic drag of the flameholders, 
and to  the momentum changes associated with cmbustion of fuel. Numer- 
ous approximate methods of calculation of these  pressure drops have been 
published (e.@;. , refs.  30 and 31). h e  measurements of pressure loss 

45. The flameholders  used were simple nonstaggered V-gutters; the vari- 
ous blockages and sizes"are_  indicated  in  the keys at the top of the fig- 
ures. A ccmrparis.on (fig. 44) of the pressure drqe  observed uith flame- 
holders of the same blockage (29 percent),  but having different nrmbers 
and s izes  of gutters,  indicates that number and s i z e  have no separate 
effects on the cold-burner pressure  losses. It LE evident that velocity 
has a very  large  effect on pressure loss and that, i n  general, there is 
a value of velocity a t  which the rate of change of pressure loss with 
velocity  increases  very  rapidly. 

an  afterburner  (ref. 27) Kithout  burning are  shown in figures 44 and 

A cross plot of the data of figure 44 is  given in  figure 45. A t  
each inlet Mach number, pressure losses increase  appreciably only a f t e r  

of 35 percent, the pressure loss. increases f r o m  about 0.007 t o  0.024 of 
the inlet t o t a l  pressure as burner-inlet Mach Iyllliber increases f'ram 0.2 

30 percent may be  used a t  an i n l e t  Mach m b e r  of 0.3, or as high as 37 
percent at an inlet Mach  number of 0.2, with a '*cold.-pressure" loss of 
only 1 percent. messme losses   a t  a burner-inlet M ~ c h  number of 0.306 
computed  by a m e t h o d  similar t o  that of reference 31 are shown by the 
dashed l ine.  The method used in reference 31 employs an  analytic solu- 
t ion f o r  the f l o w  conditions at  the downstream, or exit,  plane of the 
flameholder and application of empirically determined coeff ic ients   to  
compute the  pressure drop. The agreement between the calculations and 
the  experimental data is good f o r  pressure  losses of 0.04 or less. It 
has been previously shown that blockages of 35 percent are adequate for 
good performance a t  high altitudes; it is thus apparent that the "cold- 
pressure"  losses  Introduced by such a flameholder i n  ai aeerburner 
amount t o  only 1 or 2 percent. 

. blocked area i s  increased above about 30 percent. For a blocked area 

c (400 f t /sec)   to  0.3 (600 ft/sec) . It appears th& blockages as  high as 

In figure 46(a), the  cmblned  pressure  losses due t o  drag of the 
flameholder and cooling liner and t o  cwibustion of fuel are shown. The 
pressure loss is  shown as a function of temperature ratio across  the 
burner f o r  several flameholder blockages. It is  apparent that a change 
i n  blockage  over the range between 22 and 31 percent has l i t t l e  effect. 
on pressure losses during WnLng. Although the absolute values. of the 
pressure loss shown i n  figure  46(a) are high because of an unusual  cool- 
ing  User that uas used, the relative effects of  flameholder  blockage 

f 

c are valid. 
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I n  figure  46(b), a comparison is  made between the measured pres- 
suze loss and the  pressure loss computed  by the method of reference 
31. Good agreement  between the measured  and calculated  values  indi- 
cates that, in  the absence of coding  l iners  or other  extraneous de- 
vices,  the method of reference 31 i s  adequate for the prediction of 
internal  afterburner  pressure-losses  duringburning. 

CWUSTION SPACE 

The combustion efficiency and maximum obtainable temperature r i se  
i n  an afterburner  are, of  course,  functions of the space available for 
combustion. As length is reduced, the time available fo r  the comple- 
t ion of combustion (residence time) i a  reduced and, in addition, the 
distance  amilable f o r  the spread of flame acroas the burner from the 
flameholders is  decreased. Inasmuch as burner-inlet conditions  influ- 
ence these  cmbustion'processes, it. would be,  expected that the  effects 
of the  cmbustion space on performance would be different for  different 
pressure,  temperature, and velocity levels. The arrangement of the 
flameholders across the burner  cross  section &nd the mount of wall ta- 
per would also be eipected t u  influence the cmbustion space require- 
ments. Same of these  effects  for two different  classes of afterburners 
are  discussed i n  the following paragraphs. 

Effects of Afterburner Length 

Take-off afterburner. - Ln sane afterburner  installations, such as 
i n  subsonic bombers,. it may be desirable t o  ob ta in  a moderate amount of 
thrust au@;nrerrtation.at take-off and t a   c m . - . t h e  gfterburner  inoperative 
a t   a l t i t ude  conditions. In these applications,. mi- afterburner  size 
is  required  in  order  to reduce weight and. drag penalties  to a m i n i m u m ;  
internal  pressure  losses,  with  their  attendant  penalties on engine fie1 
consumption, are also of greater  relative importance than the combustion 
efficiency. 

" 

.. 

.. 

An afterburner designed for  take-off  application is  shown i n  fig- 
ure 47. The diffuser, flameholder,  f'uel system, and perforated-liner 
were designed fo r  minimum pressure loss, as  dlscussed  in  reference 5, 
and in  part, elsewhere here in .   .F lamehold~~bloc-~ge  -mounted t o  about 
14 percent of  the burner cross-sectional  area. The length of the burn- 
e r  f r o m  the flameholder t o  the exhaust-nozzle outlet was yaried f i o m . 2 0  

t o  62 inches by addlng o r  removing spool.sections  in the 31-inch diaae- 
ter section of the  burner. The burner-inlet  pressure for the tests wa6 

3800 pounds per  square  foot  absolute, and the burner. inlet velocity  (at 
the- flameholder location} was 350 feet pff second. 

t 
- .. 

4 



NACA RM E55L12 .. 35 

The effect of the afierburner length on the combustion efficiency 
I. is shown i n  figure 48(a). As the length was reduced from 62 t o  20 

inches, the combustion efficiency  decreased f r o m  over 90 percent t o   l e s s  
than 60 percent. Although the efficiency  decreased rather rapidly as 
the length was reduced below-3 feet ,  such a change may not be important 
f o r  a me-off  'application because the afterburner  operates fo r  only a 
short  time. O f  greater importance is the thrust augmentation obtainable 
with different burner  lengths shown In figure 48(b). For the reduction 

augmented " u s %  to norm1 thrust with the standard tail pipe)  decreased 
f r o m  about  1.50 t o  1.36. It is  evident,  therefore, that for an af%er- 
burner  designed for  take-off  use only, &ere the burner-inlet  pressures 
are relatively high and combustor efficiency is not of pr- mor- 
tance, a length of 20 t o  30 inches may be  adequate. 

w i n  length from 62 t o  20 inches, the thrust augmentation ra t io  (ratio of 
2 
P 

% 
2 
Y 

The t o t a l  pressure  losses  across this afterburner were relatively 
low. For nonafterburning  operation, the loss in total pressure f'rm 

burner lengths investigated. This loss i s  slightly less than the 
total-pressure loss that usually occur6 in a standard,  nonafterburning 

i3. turbine  outlet  to exhaust-nozzle outlet was about 5 percent for the 

e tail pipe. 

Altitude afterburner. - Scane effects of afterburner  length on per- 
* formance for a limited range of conditions me reported i n  reference 32; 

more recent and previously  unpublished data' over a wlder range of  condi- 
tions and with an afterburner designed t o  have good performance a t  high- 
altitude  conditions are discussed  herein. A sketch of the afterburner 
used i s  shown in f'igure 49. A two-ring  V-gutter flmeholder of 29.5- 
percent blockage was installed.  Fuel was Injected fram 24 fuel-spray 
bars located 32 inches upstream of the flameholder. The afterburner 
was cylindrical and i t s  length was varied  in four equal  steps fmsl 30 
t o  66 inches. With each burner length investigated,  burner-inlet  total 
pressure, t o t a l  temperature, and velocity were varied over a wide range. . 

The variation of cabustion  efficiency with burner  length is summa- 
r ized  in  figure 50 f o r  the range of burner-inlet condition6  investigated. 
Although reducing inlet  pressure and temperature, or  raising M e t  veloc- 
i ty ,  lowered the.general leyel of  combustion efficiency, all the  data 
showed the same general trend of increased combustion efficiency wtth 
burner  length.  Increasing  burner l e w h  from 30 t o  66 inches  raised  the 
combustion efficiency by  25 t o  35 percentfige points over the mnge of 
conditions  investigated. The major portion of this e f f i c i ency   mia t ion  
occurred between burner lengths of 30 and 42 inches. 

7 As a result  of the sizable drop i n  cambustion efficiency at  reduced 
burner-inlet pressures, it follows that a substantial  increase  in burner 

e length i s  required t o  obtain a given efficiency as burner-inlet  pressure 
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is lowered. For .example, maximum 'combustion efficiency a t  a burner- 
i n l e t  pressure of 750 pound6 per square foot was obtained wfth a burn- 
er  length of about 66 inches. However, the seine efficiency req-ed a 
burner  length of only about 42 inches a t  a bukner-hlet  pressure of 
1800 pounds per square foot .  In addition, the data of figure 48 indi- 
cate the same efficiency W ~ B  attainable with a burner  length of only 
about 32 inches at a burner-inlet pressure of 3800 pounds per square 
foot. 

The data of fTgure6 50(c) and (d) a l so  illustrate  the  possible 
trade6  between-burner  length and burner-inlet velocity or  temperature 
f o r  operation a t  constant  cmbustion.efficiency. With relatively short 
burners, an increase in  length of only a few inches is required  to off- 
set  the efficiency  reduction accompanying a 20O0 F drop i n   i n l e t  temper- 
ature o r  a 100-foat2per-second increase in   in le t 've loc i ty .  However, f o r  
burners longer than about 42 inches the added length  required  to  offset 
efficiency  losses  resulting f h m  such changes in inlet conditions be- 
comes very  large. - I n  fact ,  i f  the burner is already relatively Long, 
further  additions  in Length will f a i l  t o  restore  efficlency  losses  re- 
sulting frm increased VelocLty or reduced temperature. 

The presswe loss across t h i s  afterburner  increased with inlet  ve- 
loci ty   in   the manner indicated i n  figure 44. As m i g h t  be elcpected, 
there was a negligible  effect of burner  length on pressure loss. For a 
burner temperature ratfo of 2 .O and a burner-inlet temperature of 
120O0 F, the pressure loss increased from 0.04 t o  0.11 of the  burner- 
inlet   total   pressire  as  inlet   velocity was increased from 400 t o  600 
feet  per second. 

Effect of Flameholder Gutter Diameter 

Variations i n  flameholder gutter diameter have been observed t o  
significantly  influence  the combustion e f f i c i e e  of an afterburner 
ope-mting a t  high altitudes. To demonstrate these effectB, a brief 
investigation was conducted using the  afterburner of figure 49 as  the 
reference  configuration. . . 

r) 
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Data indicating  the  effect of flameholder gutter diameter were ob- 
tained by using a flameholder with'gutter dia~ueters slightly smaller 
than  the me used i n  the  reference  canfiguration. A camparison of  these 
two flameholders i s  shown in   f igure 51. The advantage of moving the 
gutters farther away from the burner wall is  that it eases the problem 
of shell  cooling, as Fs discussed in  a later  section. 

The combustion efficiency  obtained wlth the modified flameholder 
and that for  the  reference  configuration  (fig. SO} w e  compared in  

I 
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figure 52. The modified flameholder was tested wfth burner  lengths  of- 

so l id  symbols.  Comparison is made with the performance of the  reference 
flameholder  over  a  range of-lengths  previously  presented i n  figure 50. 
Moving the  outer  gutter away f r o m  the burner  wall  requires added length 
f o r  the  flame.front t o  reach  the wall, and thus,  as shown here, lowers 
the combustion efficiency by 5 50 10 percent with the 66-inch burner 
length and as much as about 30 percent wLth the 42-inch  burner  length. 
"his means that moving the flameholder gutters inward t o  ease shell 
cooling i s  equivalent t o  reducing  afterburner length. For the cases 
investigated,  the  net  effect of the flameholder  modification was to 
reduce the combustion efficiency by a h u t   t h e  same  amount as' would a 
15- to 20-inch reduction i n  le@h of the  reference  configuration. 

c 42 and  66 inches, and the  data f o r  these  configurations  are shown by the 

\ 

Effect of Afterburner-Shell Taper  

To demonstrate the  effect  of burner-shell taper on performance, 
the  afterburner  described i n  figure 49 was operated with a  tapered 
burner section haeng a length of .42 inches. A sketch  of this con- 
figuration i s  shown i n  figure 53. * 

The combustion efficiencies  obtained  with the 42-inch-lok  tapered 
c afterburner are compared with  'those f o r  the  cylindrical reference aft- 

erburner in   f igure 54. The data of figu!re 54(a) indicate that a drop 
i n  combustion efficiency of 13 t o  18 percent resulted frowtapering  the 
burner. The prfnaary reason for  this drop i n  combustion efficiency i s  
reduced residence' time, i n a k c h  as 'the volume of the  tapered  burner 
was only 78 percent of that f o r  the  cylindrical burner of equal length. 
To i l lus t ra te  this point,  the combustion efficiency of the two after- 
burners are  compared i n  figure 54(b) on the basis of afterburner volume 
instead of  length. For the  single point of comparison (and f o r  two 
pressure  levels),  the  efficiency is  the same for a given  afterburner 
volume, independent  of the  taper of. the  outer  shell. Such agreement 
indicates that the secondary factors  associated  with  tapering  the burn- 
er   a re  relatively unimportant. 

Because combustion efffciency i s  relatively insensit ive  to length 
variations  for  burners  about-60  inches long, it might be expected that 
tapering burners  of this length would result in a smaller efficiency 
reduction  than was observed  with the 42-inch burner. Unfortunately, 
data for longer afterburners of sufficiently similar d e s i s  and oper- 
ating conditions f o r  inclusion on figure 54 are not available. Eow- 
ever, same slightly  tapered  afterburners about 60 inches i n  length have 

l! been found t o  operate with combustion efficiencies of about 90 percent 
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at  burner-inlet  total  pressures  down  to  about lo00 pounds per square 
foot.  These  observations,  therefore,  offer  same  substantiation  to  the . 
premise  that  tapering  of  afterburners having a length seater than about 
60 inches will have a relatively m i n o r  effect on canbustion  efficiency. 

EFFECTS OF OPERATIXG VARIABLES ON PERFaRMANCE 

OF A TYPICAL AFI'ERBUFNER 

Performance  of 8n afterburner of fixed  design  is  affected  by  inlet 
values  of  velocity,  pressure,  temperature,  and  by  fuel-atr  ratio. The 
effects of inlet  canditians on afterburner  perfo-nce  are  illustrated 
to  same  degree  in mxnerous reports.  Reference 2, for  exmuple,  discusses 
effects  of  inlet  pressure  and  velocity i n  detail.  Because  most  turbojet 
engines  operate  at  about  the  same  turbine-outlet  (afterburner-inlet) 
temperature, data have  not  been  obtained  to show the  effect o f -  
afterburner-inlet  temperature on afterburner  performance. Although the 
qmntitative  effect  of  these  inlet  variables on ccadbustion  efflciency 
differs  with  afterburner  design, ,as is illustrated  elsewfiere  in this re- 
port ,  the general trends  of  efficiency +th.eqes in M e t  conditions 
are similar for all burners.  With  this  generality-in m i n a ,  only a brief 
summary of  the  principal  trends i s  given  here.. . .  . &. . .. -. 

k -  

L 

The  afterburner  selected  for  the discussion i s  illustrated  in  fig- 
ure 55. The  burner  is 53 inches long and 25- inches in  -&Lameter. A .. 

3 
a .- 

two-ring  V-gutter  with a gutter  width of l$ inches and a blocked area " 
of 29 percent was used.  Fuel was iaected through radial  spray  bars 
located  approximately 30 inches  upstream of the  flaneholder.  Particu- 
lar  attention was given- in. the design to achieving reasonably  uniform 
fuel-air-ratio  distribution at-the afterburner  inlet.  The  afterburner 
had an inlet-velocity  distribution  (fig. 56). typical of current 
afterburners. 

In figure 57 ,  t h e  effects  of  inlet  velocity  and  inlet  pressure on 
the  combustion  efficiency  of  the  burner  are  illustrated. As shown in 
figure 57(a), combustion  efficiency  decreases as burner-inlet  pressure 
decreases.  At  an  inle.t  velocity of 450 feet  per  second,  the  efficiency 
decreases  about 5 percentage  points as pressure  decreases from lo00 to 
570 pounds  per sqpae f~0t. At  higher  velocities,  however,  the  effects 
of  pressure  are  greater;  at  an  inlet  velocity of 600 feet-per second, " 
the  efficiency  falls  off  about 13 percentage  points  far  this  decrease 
in  -pressure. As shown in figure 57(b), this  divergence  continues for 
velocities  up  to -700 feet  per  second. A loss in efficiency  of  about .. 
18 percentage  points  results *om decreasing  pressure f'rm 1060 to 566 
pounds  per  square  foot  at ~ t 3 .  inlet  velocity  of 650 feet . .  per  second. # 

" 
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Although  these  results  are for a fuel-air  ratio  of 0.047, s h i l a r  

in  which  the  particular  burner  under  consideeti.on was operated,  indi- 
vidual  effects  of  f'uel-air  ratio  at  constant  values of pressure  and  ve- 
locity  were  not  obtained.  Fuel-air-ratio  effects  are  illustrated, how- 
ever,  for  several  burners in the  section on fuel-injection  systems. 

- trends  are  obtained  at  other  f'uel-air  ratios.  Because of the manner 

0 P 

The  effect  of W e t  velocity on the  blow-out UmLts is  illustrated 
in  figure 58. The min-lmum press=-  for  stable  canbustion  at a given 
f'uel-air  ratio  increases  slightly  as  burner-inlet  velocity  increases. 
The minimum pressure  that  occurs  at a fuel-air  ratio  of  about 0.060 in- 
creases from about 350 pounds per square  foot  at an inlet  velocity  of 
500 feet  per  second  to 400 pounds  per  square foot at a velocity  of 600 
feet  per  second. 

It m y  be  concluded  that  the  effects  of W e t  veiocity on blow-out 
limits  are small but  that  the  inlet  velocity  and  pressure  greatly  affect 
the  cambustion  -efficiency,  even  in an afterburner  of good design. A l -  
though  changes in inlet  velocity and M e t  pressure  affect  the  perform- 
ance of various burners to  different  degrees,  the trends shown by  these 

burner  designs. 
* data are gegeral ana are probably representative  of many current  af't- 

c 

The  phenomenon  cammonly known as "screech" in afterburners  is a 
combustion  instability  chraeterized  by  high-frequency, high-amplitude 
pressure  oscillations.  C0r~bU6tiOn-chamber  pressure has been  observed 
t o  oscillate in various  afterburners  at  fYequencies  between 800 and 
4000 cycles  per  second, and with  amplitudes  between  one-third  and one- 
half  the  burner-inlet  pressure: The oscillations  are usually accompa- 
nied  by  increased  burner-shell  tenrperature and improved  combustion ef- 
ficiency. The cambination  of high burner-shell  temperature and high- 
frequency pressure  variation  frequently reads to  structural  failure. 
Numerous  failures  have  been  encountered in the  afterburner  shells, 
flameholders,  and  fuel-system  ccarrponents  after only a few  minutes of 
operation  vith  screeching  combustion. A photograph  of a typical eil- 
ure due t o  screeching  canbustion is shown in figure 59. Other  oscil- 
lations of lower  frequency,  often  referred to as buzz or  rumble, some- 
times occur in afterburners;  but  screech  is  the only type of instability 
that has become a severe  operational  problem. 

The  afterburner-inlet  conditions at which  screech  occurs  .differ 
c widely fo r  various  afterburner  designs. The occurrence of screech has 

been  shown,  however,  to be consistently  related  to  fuel-air  ratio  and 
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afterburner-inlet  pressure. In general,  screeching  combustion  is  ob- - 

served  to  occur mer a wider  range  of  fuel-air ratio as inlet  pressure 
is  increased in the  range  between 500 and 4ooO pounds per  square  foot. 
Recent  unpublished data indicate  that  at  pressures  above 4000 pounds - 

per  square  foot  the  ranQe of fuel-air r a t i o . f a r  screech may be  reduced. 
The  effects  of  afterburner-inlet  velocity  on  screech have not  been  de- 
fined  completely. . 

Because  of  the  destructive  nature of screeching  canbustion,  con- 
siderable  effort has been  expended in attempts  to  find methods of sup- 
pressing  or  preventing  the  occurrence of screech. . !The principal  results 
of these  investigations  are sumaarized in  references 33 a d  34; they are 
repeated,  in part, in  the following discussion. Two types af ekperiment 
have  been  made at the Lewis laboratory  to  Fnvestigate  screech.  The ear- 
liest  experiments,  which  were  made  before  special  transient-pressure and 
flame-front  detection  instrumentation was mailable,  consisted of deter- 
mining  the  effects on screech Umits (screech  limits  are  defined a6 the 
fuel-air  ratio a.nd pressure  conditions  at which screech  starts or stops) 
of various  systematic  changes  in  the design feature.6 of.afterburners. 
Later  experiments,  utilizing  special  transient  inatrume'ntation,  were 
made  to identie the  mode  of  oscilla-tion and t o  develop  special  devices 
for  suppressing  screech. 

Effects  of  Afterburner  Design on Screech L W t e  

Inthe earlier  experiments on effects  of  afterburner  design on 
screech  limits,  variations  in nearly all  afterburner  camponents  were 
investigated.  Inclizded  in  these  tests were variations in radial dls- 
tribution of fuel-air  ratio,  in  distance.between  fuel  injectors and 
flameholder,  in  shape of the  inlet diff'user centerbody, in radial ve- 
locity  distribution  at  the  flameholder,  in'radid  location  of  the  gut- 
ters,  in  Blameholder  cross-sectional shape, and in gutter-width.  Re- 
sults  of  these  tests showed that  the  centerbody  shape,  the  distance 
between  flameholders,  and  the  distance  between  the  flameholder  and  the 
outer wall had no consistent  effect on screech  Limits. 

In contras,t to these  results, the velocity  distribution at the 
flameholder  influenced the screech  limits  to K considerable  degree in 
one  afterburner. A high degree of whirl originally  existed  st  the tur- 
bine  outlet in the.particular  afterburner  investigated. This large 
whirl resulted in the velocity  distribution at the burner inlet  (dif- 
fuser  outlet) shown by  the  circled  points in figure 60(a). With  this 
velocity  distribution,  screech was encountered o m  a fairly wide range 
of fuel-air  ratio, as shown in figure 60(b). The  addition  of  antiwhirl 
vanes (diamond symbols)  eliminated  the  whirl and also eUminated  the 
low-velocity  region  at  the  Inner  diff'user wall. With  the  improved ve- 
locity  profile,  screech was not.  eqcowtered., TO &tee whether _ _  

t 
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removal of the  Whirl  or  of  the  low-velocity  region  had  eliminated . 

screech,  the  flow was tripped  off  the  diffuser  inner  cone  by an ob- 
struction.  The  resultant  velocity  profile  at  the  burner  inlet was 
very  close  to  the  original  profile,  but no whirl was present.  With 
this  configuration,  screech  again  occurred  at  approximately  the  same 
conditions  as  with  the  original  configuration. It was concluded  that 
the  change  in  velocity  profile  rather than the  change  in whirl was re- 
sponsible  for  the  improved  screech  limits. It is  evident,  therefore, 
that  at  least in this  case the occurrence of screech was dependent  upon 
the  velocity  profile  at  the  flameholder. 

- 

4 

t 

An effect  of  the  radial  distribution of fuel-air  ratio on screech 
limits has been  observed  in  several  experiments.  The  results  have,  how- 
ever,  been  erratic and inconclusive. In some  cases, as small a change 
as 1/8 inch in the  immersion  of  fuel-spray  bars  eliminated  screech  at a 
particular  operating  condition. In other  Cgses,  Larger  variations  in  ra- 
dial  fuel  distribution  have  been  ineffective  in  altering  the  screech lim- 
its.  Reducing  the mixing .&stance  between  the -1 injectors and the . 
flameholder has also successfully  eliminated  screech, but the  required 
reduction in mixing  distance has always been so great t@t altitude per- 
formance was sacrificed.  Although Wther research into  these  effects 
may  reveal  some  useful  design  criteria  far  avoiding  scree*,  it  seems 
unlikely  at  the  present  time  that altemtion tn fuel  Clistribution will 
yield  significant  benefits i n  screech.suppression  without some perfom- 
ance  sacrifice. 

As illustrated in figure 61, the  flameholder  gutter  width may in- 
fluence  the  screech  .limits. B this  figure,  the  number of thes various 
flameholders  of  different  gutter  widths were tested in a particular aft- 
erburner  is  shown;  the  solid bars represent  configurations  that 
screeched,  and  the  open bars those  that  did  not  screech.  It  is  thus ap- 
parent  that  the  wider  the  gutter,  the  greater  the  probability  that 
screech will occur. No screech was encountered in the  particular  afier- 
burner  investigated  if  gutters of 1; inches  or  less  in width were used. 
This  result  is not general;  other  burners  using  gutters  as  narrow  as 1/2 
inch  have  produced  screech,  although of lower severity.  The geneml 
trend  of  lower  screech  tendency  with  narrower  gutters has, however,  been 
confirmed  in  several  other  investigations.  The  blockage areas of the 
flameholders  used in these t e s t s  were  substantially  the m e .  Separate 
blocked-area  effects  have  not  been  determined. 

A few  experiments.  conducted  Kith  various  radial  locations of the 
flameholder  revealed no effects on screech  limits. Similarly, effects 
of changing the  cross-sectional  shape f icsn  a "VI to a "U" were  negligi- 
ble.  However,  the  addition  of an aft  splitter  plate  (such  as  those 
shown  schmatically  in fig. 62) to annular V-gutters  had  appreciable 
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effect on screech Umits. As shown in figure- 62, a 9-inch  splitter w&6 
effective  in  eliminating  screech  at  some  conditions.  Other  experbents 
have shown that  longer  splitter  plateB  are  even  more  effective  in pe- 
venting  screech.  Although  the g - . ~ &  splitter  plate was not  adversely 
affected  by  the  SurroUnaing  hot  gases,  the  necessity  for  cooling longer 
splitters may make  them  impractical..  The  effects  of  splitter  plates on 
combustion  efficiency  are  not known. 

These  experiments show that  the  conditions  under which an after- 
burner will screech may be  controlled  at  le&st-partially by proper de- 
sign of the.  diffuser,  the  fuel  system,  and  the  flameholder.  Proper  fie- 
lectlon of these  components m y  enabh many afterburners to qperate  over 
the  required  range  of  inlet  conditions  without  encountering  screech. 33.1 
addition,  it  appears f'rm the  large  effects of flameholder  design  and 
velocity  distribution on screech  limits  .that the origin  or mechanlm of 
sustenance of screech  is  associated  with  the  aerodynamics of the  flow 
upstream  of  the  combustion  region  .as  well  as..fith  the cmbustion procesg 
itself.  It  is  suggested &n reference 35 vortex shedding frog the- 
flameholders may account  for  the  relation  between  screeching  cambuation 
and aero-ic phenomena.  This  hypothesis has not been verified. 
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Identification-  of  Mode  of  Oscillation 

The  tests  to  determine  the  effect  of  burner  configuration on 
screech  limits  were  ineffective  in  revealing  the origin or  nature of 
the  pressure  oscillations  encountered  during  screech. To identify  the 
mode  of  oscillation,  additional  tests.%re  .condu&ed on two  afterburn- 
ers  in  which  transient-pressure  instrumentation was used  to  measure tem- 
p ~ a l  variations in pressure  and  to  determine  the  phase  relation  between 
components of the  pressure  oscillations  at  various  stations around the 
burner  circumference  and  along  the  burner  length. 

A typical  oscilloscope  record-from  one  of  these  tests  is shown in 
figure. 63. A cross-sectional  sketch of the  burner  used showing the  rel- 
ative  positions of the  pressure pickups around the  circumference and the 
flameholder lacatXon. -is shown at  the  bottom of the  figure.  The oscillo- 
scope  record shows that  the  variation  of  pressure  with  time is small at 
stations 1 and 3 and  large  at stations 2 and 4 .  It is evident  that the 
pressure  pulses  at  stations %and 4 are 180° out  of phase. .Simil&r . .  

phase-  relations w e r e .  measwed f o r .  other  ..types of flameholders and for 
burners of different size. Analysis of  the  possible m o d e s  of  oficilla- 
tion  (ref. 34) shows that  the  indicated  phase  relations  can  occur only 
in  the  mode of  pressme oscillation  called  the  first  transverse mode. 

A diagram  schemtically  illustrating  the  first  transverse  mode 
(fig. 64) indicates  that  the  particle  paths  are  curved  transverse 
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lines.  For  the  first  transverse  mode, two nodes exist;  for  higher-order 
transverse  modes,  additional  nodes  exist,  with  appropriate  increases  in 
f'requency.  Phase  and  f'requency  measurements  indicate,  as shown in fig- 
ure 65, that  for  small  afterburners  (about 6 inches in dim. ) without 
inlet-diffuser  centerbodies,  the  first  mode most frequently  exists. 
Modes  up  to  the  fourth  apparently  occur in larger  afterburners (up to 
36 inches i n  dim.) with diffuser  centerbodies.  The  shaded areas of 
figure 65 indicate  the  ranges of frequencies  that are enconqassed  by  the 
first  and  fourth  modes  of  oscillation  over  the  range of gas  temperature 
(speed  of sound) in  the  burner. Similar areas, which would  lie  between 
the two shown, Can be  computed for the  second  and  the  third modes; they 
are  omitted  in figme 65 for  clarity. 

Oscillation Dmping by  Perforated  Walls 

Pfter  it was established  that  screechfng  cambustion is associated 
with a transverse  oscillation,  attempts  were d e  to prevent  or  suppress 
screech  by  dampening  the  oscillation  with  various  devices  arranged  in- 
side  the  burner  shell.  Ekperiments were made  with an afterburner having 
fins  attached  to  the wall of the burner  that  extended  the  entire  length 
of  the  combustion  chamber. The fins  were radial and had  various  heights 
and circumferential  spacings.  The fins altered  the  screech lhits and 
the  oscillation  frequency,  but  did  not  eliminate  screech a t  all operat- 
ing  conditions.  Other  investigations of the  use af fins  are  reported  in 
reference 36. The  results were generally  similar  to  the NACA experience, 
in  that  the Tins prevented  screech in some,  but not all, af the  configu- 
rations  investigated. The use of burner-shell  taper  is  also  reported  in 
reference 36 to  have  successfully  prevented  screech. This result  is, 
however,  not  supported  by similar NACA tests,  in which it was found  that 
shell  taper  of  reasonable  amounts would not prevent  screech. The dif- 
ference  between  the  results of reference 36 and of the NBCA investiga- 
tion  is  probably  due  to  differences  in  flameholder  design,  f'uel-injection 
systems,  and  burner-inlet  conditions.  It  may be concluded that the  uae 
of fins  or  shell  taper,  while  beneficial in same  cases, will not  prevent 
screech  in all burners  or  under all conditions  of  operation. 

li3. another  attempt to dampen  the  pressure  oscillations, a perfo- 
rated  liner vas installed in an afterburner,  as shown in  figure 66. 
The  liner,  spaced  concentrically 3/4 inch f r o m  the  burner wall, had 
3/16-inch-diameter  holes  throughout,  spaced  on  l/Z-inch  centers.  The 
liner  extended f r o m  a few  inches  upstream  of  the  flameholder  to  the  end 
of  the 24-inch-long cambustion  chamber.  The  use of this liner camp1ete.l.y 
prevented  screech  with  several  flameholders  at  burner-inlet pressures up 
to approxitely 3000 pounds per square  foot,  which w&s the maxFmum pres- 
sure  investigated.. . .  
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Many additional  tests with similar perforated  liners  in other aft- 
erburners-have demonstrated that these liners are effective in  eliminat- 
ing  screech over the full operable  rahge~oTTiiEl~aTr r a t i o  for  burner- 
inlet pressures u$ t o  6500 pounds per squase foot  absolute. The 
combustion-chamber length of these  afterburners was about 5 feet;  liner 
lengths. of 3 feet  were suff ic ient- to  eUminate screech at a l l  conditions 
investigated. Corrugated,  louvered l iners have appeared t o  be more ef- 
fective  than  plain  cylindrical,  perforated  Liners. 

In summ~~ly, it i s  evident that the  design of t he   meho lde r ,   t he  
fuel system, and the inlet diff'user have an  appreciable  influence on the 
screech limits (condition6 of inlet pressure and fuel-air ra t io)  of aft- 
erburners. These facts  indicate that the aerodynamics of the flow ap- 
proaching the burner  are linked with the  screech mechanism. By proper 
selectian of flamehulder,  f'uel system, and difflrser, many burners may 
be designed t o  be screech-fiee over their  required range of operation. 
Phase and frequency measurements of pressure  oscillations  in  several 
afterburners have led  to  identification of the modes of oecillation. 
The oscillations  are  transverse and occur i n  the f irst  t o  fourth mode 
i n  most afterhurners  investigated.  Perforated cambustion-chamber liners 
have prevented  screeching combustion in  every afterburner  investigated 
over a wide range.of  fuel-air  ratio and pressure  conditions. 

. .. 

IGNITION, STARTING, AND TRANSIENT P-CE 

 he afterburner s t a r t i n g  cycle  includes  three  steps: (1) introduc- 
tion of the fuel, (2) ignition of the fuel, and (3) control of exhaust- 
nozzle area  to  obtain  steady-state  afterburner  operation. The ignition 
phase of af'terburner starting has been investigated  in sqmewhat greater 
detail.  than the  ather  twrphases because of the qeed f o r  repeated starts 
during afterburner  investigations in altitude  facilirties. 

Introduction of Fuel 

A significant  portion of the time required t o  start an afterburner 
after  the  control  lever is  advanced t o  the  afterburning  position is con- 
sumed in  accelerating the f'uel pump and f i l l i ng  t h e  afterburner me1 .. 

l ines and manifold. .The time required t o  fill the f'uel piping and mani- 
folds is obviously directly  proportional t o  the volume  of the  piping 
that must be. f i l l ed  a t  each start and inversely  proportional t o  the 
fuel-flow rate set by the starting control. The time requjred t o  accel- 
erate  the  conventianal  turbine-drivenf'uel pump usually does not exceed 
1 second a t  any flight condition. Likewise, the time required t o  f U  
the  afterburner fuel p i p i x  a t  low altitudes where the f'uel-flow rates 
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are high is  also  very  short. A t  high-altitude conditions, however, the 

nificant because of the reduced fuel-flow rate. 
c time required t o  f i l l  a  given volume of fuel piping becomes quite sig- 

I 

The effect  of this set, or starting fuel-flow rate on the t h e  re- 
quired t o  reach operating  manifold  pressure is  shown in  figure 67.- Data 
are presented for a 6000-po-und-sea-level-thrust w i n e  (ref. 37) and for 
a 10,000-pound-thrust engine. The afterburner fuel systems of the two 
engines were similar and utilized  air-turbine-driven fuel pumps, WLth 
the turbine  driven by compressor bleed air. The volume of piping that 
had to be fi l led pr ior   to  each s t a r t  (neglecting any residual fuel down- 
stream of the fuel shut-off  valve) was approximately 135 cubic  inches 
f o r  the 6000-pound-thrust engine and 200 cubic  inches  for  the 10,ooO- 
pound-thrust  engine. 

In figure 67, the t h e  required  to  reach  the  operating manifold 
pressure is  plotted  against  the r a t i o  of the fuel-system volume t o  the 
starting  fuel-flow rate. Data are presented  for  several flight condi- 
tions, which define a single curve. The time required  to f i l l  the fuel 
systems varied f r o m  2 t o  9 seconds, with the  longer times occurring a t  
the higher altitude.conditions, where the f low rates  were lowest. Agree- 
ment of the two sets of data indicates that the t h e  required t o  accel- 
erate the fuel  pump to delivery speed was a b m t  the same for both sys-. 
tems. Measurements on the 10,000-pound-thrust  engine showed that about 
1 second of the t o t a l  time was required to accelerate the pump from rest. 
These data thus indicate that t o  avoid  delays i n   f i l l i n g  the fuel system 
before the afterburner can be ignited, it is important to keep t 0 . a  min- 
imum the volume of fuel piping that must be f i l led prior t o  each after- 
burner start. 

Ignition 

Three general m e t h o d s  o f  igniting afterburner  fuel have been  used: 
(1) spark ignition, (2)  spontaneous ignition,. and (3) hot-streak igni- 
tion. Some of the early  research on these methods of ignition i s  sum- 
marized in  reference 1. The spark-ignition method u t i l i zes  a spark plug 
to ignite a canbustible mixture proeded  within a sheltered  region of 
the burner. Spon+eous ignition is obtained i n  an aft&cburner when the 
pressure, temperature,. velocity, and fuel-air-ratio conditions within 
the burner  are.such that the fuel-air m i x t u r e  ignites without addition 
of  energy f’rom an outside agency. In the hot-streak method, afterburner 
ignition i s  obtaiped by momentarily increasing the fuel-air r a t i o   i n  one 
of the primary engine combustors t o  about twice the normal operating 
value. This momentary excess of fuel produces a streak of flame tha% 
extends through the turbine and fnto  the  afterburner and thus  provides 
the ignition  source fo r  the afterburner fuel. .. 
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Spark  ignition. - Spark-ignition  systems  were  used in a number of 
the w l y  afterburners  investigated  at  the  -Gb&atary  {ref. 38). 
These  aFterburners  generally  incorporated  the  spark plug in & sheltered 
region  at  the  downstream  end  of  the  afterburner  diffuser  inner  body, as 
illustrated  in  figure 68. Experience  with  this  -type of system  indicated- 
that  ignition  could  seldarh  be  initiated  at  altitudes  above  about 30,000 
feet, and the  systems  were not particularly  reliable  at  lower  altitudes. 

Three  factors  contribute  to  the  poor  reliability of the  spark- 
ignition  methad.  Gne  factor  is  break- of the  electrim1  insulation 
in  the  region  of high .@s temperature,  which  .causes a $hart  circuit in 
the  ignition  lead. A second  factor  is  melting or burning of the  elec- 
trodes  during  afterburner  operation,  which  prevents  reignition of the 
burner. A third  factor  often  prevent-  ignition  is  that  the  spark  is 
either  fmproperly  located  or  releases  too  little  energy  to  initiate  ig- 
nition.  The  ignition  systems  used  provided a Spark energy of only about 
0.02 joule  per spark at.a.repetition  rate  of  several  hundred  sparks  per 
second.  Although higher spark energies, such as  those  provided by re-.. 
cent  capacitor-type  systems, would be  elrpected  to Qqrove the  ability 
of  the  spark to effect  ignition, no goo& solution to the.problems of 
electrode-insulation  breakdown or  electrode  burning has been  obtained. 
Because  other  methods  of  afterburner  ignitian  held  promise  of  being  more 
reltable, further developmentdf a spark system for afterburner  ignition 
was discontinued. 
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Spontaneous  ignikian. - Methods of spontaneously  igniting  the aft- 
erburner  f'uel  have  been  investigated to determine  the  applicability  and 
degree of effectiveness'of this method. A l t h o u g h  this  method  of  igni- 
tion was seldom  employed  in  gasoline-fueled  afterburner6  without an ex- 
plosive  light-off, tbe conversion  to  kerosem.and bter ta JP-3 and JP-4 
fuels  sufficiently  lowered the.spontaneous-ignition teJiperature of the 
fuel  to  provide  satisfactory  spontaneous-ignition  characteristics i n  
some afterburners. Many other  afterburners of different  configurations 
could  not;  however,  be  ignTted  spontaneously  at  turbine-outlet  tempera- 
tures  up  to  current maximum values  of 170O0 to 1750O.R.. There  are  no 
consistent  results  available  to  indicate  the  specific  differences  in 
afterburner  design  that  result in some burners-being read3l.y ignitable- 
spontaneously W l e  others  are not, although relatively minor altera- 
tions  in  radial fuel distribution of sane  afterburners  have had marked 
effects on the  spontaneous-ignition  characteristics. In general,  it  is 
believed  that  the two afterburner  design  factors having a major influ- 
ence on the  ability to obtain  igxition in this manner are  the  fuel-air- 
ratio  distribution and the  velocity  profile  within  the  burner. Fuel- 
air mixtures slighw richer  than  stoichiometric in a sheltered  zone, 
with low velocities i n  and near such a zone,  are  believed  to  promote 
spontaneous  ignition. 
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Spontaneous ignition has-been obtained a t  burner-inlet pressures 
as low as about 500 pounds per square foot absolute;  both  burner-inlet 
pressure and burner-inlet temgerature have been found t o  exert a pro- 
nounced effect on ignition limits (ref. 39). The effects of inlet 
pressure and temperature on the lfmits of spontaneous igni t ion  in  one 
afterburner  configuration are shorn Fn figure 69. Each data point on 
this figure represents a single  afterburner start; the  fuel-air-ratio 
value is that at  which ignition occurred as the afterburner fuel f low 
was gradually raised. Each curve thus  represents a boundary  between 
the lgnltion and no-ignition  regions a t  a given pressure. The region 
t o  the lef t  of each curve represents the fuel-air   ratios a t  which  spon- 
taneous ignition  could.not be obtained. A t  a burner-inlet  pressure of 
about 1500  pounds per square  foot  absolute,  the inlet temperature had 
no effect on the f'uel-air ratio required for successful  ignition,  but 
a t  lower pressures,  large  increases i n  f'uel-air r a t i o  were required t o  
obtain spontaneous ignition as the  burner-inlet temperature was reduced. 
Similarly, these data show that for a given  fuel-air r a t i o  a reduction 
in  burner-inlet  pressure  required a large  increase in burner-inlet tem- 
perature f o r  spontaneous ignition .to occur. Spontaneous ignition of 
this afterburner was mobtainable at a burner-inlet pressure of 500 

- 

1 pounds per square foot. . . .  - 

The effect of burner-inlet  pressure on the fuel-air ra t io  required 
* to  obtain spontaneous ignition fo r  several  other  afterburner  configura- 

tions i s  i l l u s t r a t ed   i n  figure 70. As i n  the previous  figure,  each data 
point  represents a single afterburner start as afterburner f'uel flow was 
being increased. These data a lso  indlcate that higher  f'uel-air  ratios 
are required t o  obtain spontaneous ignition as t h e  burner-inlet pressure 
is reduced. It should a l so  be noted tht there &e appreciable differ- 
ences in  the required fuel-air r a t i o  among the several  configurations. 
The poor reproducibility of sponta&ous-ignition limits i s  indicated by 
the wide band of fuel-air ratio Over which ignition  occurred i n  the sev- 
eral  configurations. . .  

The effect of d t i t u d e  on the time required  -for spontaneous igni- 
t ion  to  occur a f t e r  the preset  fuel manifold pressure i s  reached differs 
greatly among var€ous afterburners. In one instdJation,  the time re- 
quired f o r  spontaneous ign i t ion  Increased *om about 4.seconds a t  an al- 
t i tude of 15,OocJ feet   to  40 seconds'at an al t i tude of 45,000 feet (un- 
published MACA data). In contrast   to this result, another  quite simi- 
lar  afterburner  (ref. 37) exhibited l i t t l e  effect af al t i tude on spon- 
taneous ignition time, with the time f o r  ignition varying between 4 and 
8 seconds a t  alt i tudes be€ween 30,000 and 50,000 feet. 

., 
These data, as w e l l  as - re la ted  experience on other  afterburners, 

indicate that the ab i l i ty  of an afterburner t o  ignite spontaneously 
cannot be predicted, nor can any practical  modifications  necessary t o  
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provFde reliable spontaneous ignition in  any given afterburner be speci- 
fied.  Therefore, spontaneous ignit ion,   al thougkit  may be fo-rt;llftously 
obtained i n  some afterburners, i s  not a method that can be g e n e m y  re- 
l ied  upon. 

Y 

- 
" 

" 

Hot-skreak ignition. - Bemuse of its high de@;ree of reliability 
and simplicity,  the  hot.-streak  ignition method has received most wide- 
spread  application in research  sfterbwners a t  the Lewis laboratory. 
The earliest  hot-streak  ignition systems provided  supplemental fuel. 
through one of the main engine fuel nozzles. The system was operated 
manually t o  supply the excess flow at  the  discretion of the  operator 
fo r  a period of about 1 second. This method  of injection was subse- 
quently modified to isolate the  hot-streak fuel f r o m  the engine fuel 
manifold and thereby simplify the  installation. This later. s y s t a  ut i -  
l ized a fuel-injection  orifice  located  abaut one-half the distance down 
the cambustor f ' r a n  the main f'uel-nozzle, as shown i n  figure 71. Detaile 
of a typical  hot-streak-injector  installation  are shown i n  figure 72(a). 
Forcan-type combustors, the injector is designed to approximately dou- 
ble  the  fuel-air r a t i o  of the canbustor i n  which it is located. In 
annuxar-type combustors, the injector i s  designed t o  provide a similar 
increase in   loca l  -1-air ra t io  and .thus  handles a flow of 10 t o  15 " 
percent of the main engine fuel flow. A large number of afterburners 
uti l izing this type of system have been consistently  ignited a t  alti-. 
tudes up t o  5Q,000 or 55,000 feet, which correspond t o  burner-inlet 
pressures-down t o  about 500 p-ds per square foot  absolute (refs. I 
and. 37). The system has been used wit+ -equal success on- engines hav- " 
ing one-, two-, or  three-stage  turbines. In each case it has been found 
that once the mel-air ratio i n  the afterburner has reached a canbusti- 

. ble  level,  the  hot-streak  fuel need be injected  for only 1/2 t o  1 second 
t o  ignlte  the  afterburner. 

. . .. 

"- " 

L 

. . " 

To explore  the-effect of the hot-streak-injector  location 011 the 
ignition limits, the  effectiveness of se&ai.-hot-streak  injectors lo-  
cated immediately upstream of-the  turbine nozzle was investigated and 
compared with that of the more conventiona1,upstrream location. Details 
of the turbine-inlet  injector  installation axe shorn in figure 72(b). 
This injector was also designed t o  double the fuel-air r a t i o  i n  one 
combustor can. The time required  before a burst from the hot-streak . 
system would ignite  the  afterburner u s i n g  both types of hot-streak  in- 
jectors i s  compared i n  figure 73 for  altitudes of 30,000 t o  50,000 feet. 
Also included fo r .  comparison i s  the time required to   igni te  this after- 
burner  spontaneously. The time required f o r  ignltion is defined as the 
period between the time at which full afterburner  fuel  enifold  pressure 
was obtained after a throt t le  burst and (1) the time at w h i c h  the burner 
ignited spontaneously, or (2)  the time a t .  which a 1/2- t o  1-second burst 
of-hot-s t reak f'uel f l o w  would provide ignition. Minimum ignition times 
f o r  several  preset  f'uel-air r a t io s  are  plotted i n  the figure. M i n i m u m  

. .- . "  

L 
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time  for  the  hot-streak systems was detemined  by  progressively  reduclng 
the tae between  the  throttle  burst and actuation of the  hot-streak  ig- 
nitor  until  ignition  could no longer  be  obtained from the  burst of hot- 
streak me1 f l o w .  

- 

In  general,  the data of figure 73 indicate a relatively  minor  ef- 
fect of either  afterburner  -1-air ra+Lo or altitude on the  time fo r  
hot-streak  ignition,  with  about 1 or 2 seconds  being  required  in  most 
cases.  At  the  lower  altitudes,  ignition  occurred  slightly  sooner  wfth 
the  turbine-inlet fuel injector than with the upstream  injector,  but  at 
an altitude of 50,000 feet  the  turbine-inlet  injector  failed  to provide 
ignition  because of the  absence of flame  through  the  turbine. Increas- 
ing the  injector flow two-  to  threefold  did not Improve  the  ignition 
characteristics of the  turbine-inlet  injector.  Furthermore,  when the 
tmbine-inlet  injector  flow was reduced  by one-half or  more,  afterburner 
ignftion wa6 unobtainable  at any altitude  investfgated. 

Failure  of  the  turbine-inlet  injector to provide f lam through the 
turbine  at  high  altitude was attributed  to  insufficient  time  for  the 
fuel  to  ignite  before  entering  the turbine. This premise was borne  out 

stream  resulted in ignition  characteristics  canparable  to  those  observed 
Hth the  upstream  injector. 

I by  the  fact  that m o v f n g  the  tukbfne-inlet  injector 3 inches  -her  up- 

Although  the  improvements in ignition  that  have  been  described and 
which result f r o m  proper  installation  of  the  ignition  system m e  con- 
sidered  to  apply  to  most  afterburners,  the  ignition  times  shown in fig- 
ure 73 do  not  apply to all  afterburner  designs. In same  afterburners 
subjected to extensive  ignition  tests,  hot-streak  fgnition has occurred 
during  the  process of filling the  f'uelmanifolds EO that  the  ignition 
time,  as  defined  herein, was essentially  zero. 

Because  the  tFme  required to' f i l l  the fuel ptpfng and obtain a - 
ccmbustible  mfxture  in the afterburner following a throttle  burst var- 
ies  with  altitude and varies frcan engine to engine, a single 'burst of 
hot-streak  f'uel  for a period of 1/2 to 1 second would have to be very 
accurately  scheduled to provide  reliable i w t i o n  at all flight condi- 
tions.  However,  continuous  injection of hot-streak  fuel  for  periods 
much longer  than 1/2 to 1 second would, in all probability,  overheat 
the  turbine  stator.  Therefore,  to  provide  re-ble  afterburner  igni- 
tion  without  endangering  turbine life, the  hot-sfzed  ignition system 
should  be  aesigned to provide  intermittent bursts of fuel f o r  periods 
of 1/2 to 1 second from the time 'the throttle burst occur6  until  the 

Fmportant  that  the  control  system be designed BO th8t  in  the  event of 
failure  the  hot-streak  f'uel  cannot  be  continuously  injected  into the 
engine. 

- control  senses  that  the  afterburner has iwted. Of course,  it  is 
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Hundreds of afterburner  starts  with  the  hot-streak  ignition  system 
injecting  fuel  inta  an  engine  canbustor  for  periods  up to 1 second  have 
resulted  in  no  apparent  effect on the  turbine  rotor  blades or on the 
stator  blades  located  in  the path of  the  hot-streak  flame.  The-absence 
of any  rotor or stator  blade  deterioration  attributable  to  the  hot 
streak  indlcates  that  although the gas. temperature  may  suddenly r i s e  as 
much  as 1000° F, the  increase  in metal temperature  is much less  because 
of  the  thermal  capacity of the  turbine  blades. To support  and  explain 
these  practical  observations,  transient metal temperatures  were  meas- 
ured  at  the  stator-blade  .leading  edge in a single-stage  turbine amem- 
bly as  large  step  increases  were made in  engine  fuel  flow.  The  actual 
response- in stator-bhde  metal  temperature  to  the  sudden  changes in gas 
temperature can be chwacterized  by a time  constant.  Typical  values of 
this  time  constant,  defined  as the-time to  reach 63 percent of the  fi- 
nal value  in  response  to a step  input,  are  shown  in  figure 74; the data 
cover a range  of  turbine-inlet  pressures from-3000_ to 12,500 pounds per ... 

square  foot  absolute.  These pressures correspond  to an altitude vari- 
ation from 7000 to 45,000 feet  at a Mach.number of.O.8 for  the  engine 
used. . . . . . . . . . . . . .  . . . .  .. - 

c 
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The  significance  of  these.time  constants  is  illustrated  by  the - 
computed  values of stator-blade.temperature rise  shown in figure 75. 
These values were  computed  using  the  tFme  constants of figure 74, with 
the  assumption  that  the  engine was opera$ing  at an average  turbine-inlet 
temperature  of 200O0 R and  that  the  temperature  in the. path of the  hot- 
streds  flame  increased  in a stepwise fashion to 3oOo0 R for  periods of 
1/2 to 1 seco~. The  values of b~~-temperature rise  thus  calculated 
are  seen  to  be  considerably  less  than the sudden  rise  in gas temperature 
in  the  path  of  the  hot  streak. . . .  

- .  

The  turbine  rotor-blade  temperatures  are,  of course, affected to a 
much  lesser  extent  by  the  hot-streak flame thtEn are  the  stator  blades. 
This insensitivity  of  the  rotor  blades t o  the hot  streak 1s due to the 
speed  with  which  the  rapidly  rotating  blades-pass through the,.bcal hot 
region. - . - . . . . . . . . . . . . .  -. . -. . ." ....... " . . .  " . . . . . . . . . . .  - . . . .  - .. - 

The  foregoing  discussion of the  hot-streak  ignition  system M i -  
cates that, with  proper  installations,  thf..system is a simple and re- 
liable  method of initiating  afterburner T&tlon...- Its  use has come- 
quently  become  standard on all aflerburner-equipped  engines  investiga- 
ted  at  the Lewis laboratory.  got-streak  f'uel-injection  periods no 
longer  than 1 secwd have  caused no problems of turbine  deterioration, 
even  with  engines  subJected  to  hundreds  of  hot-streak  starts. 

Turbine-outlet  hotrstreak  ignition. - In view of the  requirement 
that  the  preturbine  hot-streak  fuel  be wetted for only short inter- 
vals to avoid  overheating  the  turfiine, and in  view of the  possibility 

. " 



NAW RM E 5 5 U  51 

' 1  
v 
cd n 

I 

that  accidental  prolongation  of  the  injection  period  would  cause 
turbine-stator  %ilure,  the  feasibiuty  of  obtaining  dependable  igni- 
tion with a hot-streak  ignitor  located  immediately  downstream  of  the 
turbine was investigated on one engine.  Three  hot-streak  fuel-injector 
configurations were investigated.  Details  of  these  injectors  are  shown 
in  figure 76. "he  principal  difference Fn the  fuel  injectors was the , 

size,  location,  and  number of fuel  orifices.  One Wector consisted of 
a straight  tube  with  seven  orifices  dtrected  toward  the  turbine,  another 
injector  consisted of a bent  tube  pointed  toward  the  turbine  with  four 
orifices  in  the  end  of  the  tube, and the  third  injector was a similar 
tube  with the end  left  open to the Full inner  dianeter of the  tube.  The 
afterburner on wfiich  these  injectors were evaluated was of  conventional 
design  with a double  V-gutter  flameholder,  having  relatively uniform 
values  .of  fuel-air-ratio  distribution  and  velocity  profile  upstream  of 
the  flameholder. 

Afterburner  ignition Umlts of the  three  turbine-outlet  hot-streak 
fuel  injectors  are  compared in figure 77, which  also  indicates  ignition 
limits with the  conventionalpreturbine  hot  streak. Each data  point 
represents an attempt to ignite  the  afterburner. A l l  starting  attempts 
were made at a turbine-outlet  temperature  of 1710' R. Although  the ig- 
niter  fuel-air  ratio  does not represent  the  fuel-air  ratio  in the regi-on 
of  the  fuel  injector,  it  serves  to  generalize the i@;r;iter fuel flows  for . 
all altitudes  as a fraction of the engine air f low.  

The  three  turbine-outlet  hot-streak  injectors  were  equally  effec- 
tive,  although  they  were  inferior to the  preturbine  hot-streak  system. 
With  the  turbine-outlet  injectors,  the maximum altitude  for  dependable 
ignition was between 5 0 , O  and 55,000 feet. In caparison,  the  pre- 
turbine  hot-streak  system  ignited  this  afterburner  at  altitudes  up to 
60,000 feet,  which was the  operating  limit of the  afterburner. 

Stabilization  of  Operation 

The  greater part of the  time  consumed in the  afterburner  starting 
sequence  occurs  while  the  control  is  stabilizing  engine  conditions Fm- 
mediately  follouing  ignition. This fact  is  illustrated  by  the  investi- 
gation  of  reference 37, in which a production-type  electronic  control 
and a continuously  variable  exhaust  nozzle  were wed on an engine. An 
exmrple of how the  control and engine  variables  are  affected by the 
starting  cycle is illustrated  by a typical  oscillograph  trace  in  figure 
78. There  is a 6- or  7-second  interval  between  advance  of  the  throttle 
and  ignition,  followed  by 7 or 8 seconds  of  oscillatory  operation of the 
engine  afterburner  before  steady-state  conditions  are  reached.  The os- 
cillations  are  caused  by an interaction of the  various  loops  of  the  con- 
trol,  in  conjunction  with  the  aynamic behador of the  engine. In this 
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particular  control  system,  engine  speed  is  controlled by primary  engine 
fuel flow, and  turbZne-oGtlet  temperature is controlled by exhaust- 
nozzle mea. 

ana 
fue 1 

I 

The f o l l w t n g  sequence .of events  occurs in the  engine  afterburner 
the  control  during  ignition and stabilization of operation:  the 
--air mixbure  in  the  afierburner  ignites  while  the  exbaust  nozzle is 

in a closed or nonaf'terburning  position;  because  the  exhaust  nozzle  re- 
stricts flow, the  pressure  in  the  afterburner  increases,  raising  the 
pressure  level  throughout  the  engine and tending  to  decrease  the  engine 
speed;  to  maintain  engine  speed  constant,  t4e.speed  control  increases 
the primary engine  fuel flow; this  increase In engine  fuel flow, along 
with  the  increase  in  pressure  level  at  the  turbine  outlet,  tends to 
drive  the-turbine-outlet tqerature mer the  limiting  value;  this over- 
temperature condition then  causes  the  exhaust-nozzle  control to open the 
exhaust  nozzle;  because  khe  temperature-error signal is  usually  large, 
the  nozzle  starts  to  open very rapidly,  which  decreases  the  pressure 
level in the  afterburner;  this  decrease in aFterburner  pressure  tends 
to make the  engine  averspeed,  which  causes  the  control  to  reduce  the 
engine  fuel flow; both  the  increase  in  nozzle area and the  decrease  in 
engine me1 flow cause  €he  turbine-outlet  temperature  to  decrease  rap- 
idly and thus  reduce  the  ternpera-t;ure-error signal to  the  control.  The . 
signal reduction  causes  the  control  to  stop  the  nozzle  opening and, in 
some  cases,  actually  to  start  closing  the  nozzle  before  the  required . 
area  is  obtained;  the  turbine-outlet  temperature  is  driven  Over  the 
limit  and  the  cycle is again  repeated  but.  with  diminishing  magnitude. 
The  cycling  is  continued-  -til  the  proper  nozzle area is.  reached. Am- 
plitude of the  oscillations &y be  reduced  by  changing the constants 
of the  control  system,  but  such a modification would make the  control 
action dower. 

h 

l-i 
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The  period of oscillation  depends on the  time  constant of the en- 
gine  and on the  control-system  constants.  Because  the engine time  con- 
stant (rotor  inertia  divided  by  change in torque far a given  change in 
eflgine  speed)  increases w t t h  altitude, the period of each  oscillation 
and  thus  the  time  to  reach  equilibrium  is water at  altitude. This 
increase in duration of khe oscillations  with  altitude is shown in fig- 
ure 79 for  both  hot-streak  and  spontaneous  ignition.  With  hot-streak 
ignition,  the  duration of the..oscillations  increased fram about 7 to 
17 seconds  as  the  altitude was increased from 30,000 to 50,000 feet. 
The  duration of the unsteady  operation was about 2 seconds  longer  with 
spontaneous  ignition than w t t h  hot-streak  ignition  at  altitudes of 
30,000 to 40,000 feet and was as much a6 30 seconds longer at an alti- 
tude of 50,000 feet. . The  greater  length .of time  required for the con- 
trol  ta  stabilize  engine  aperatFon following spontaneous  ignition  is 
due  to  the more violent  manner  in which the me1 is  ignited.  The high 
fuel-air  ratios  required to obtain  s-pcmtmeous  ignition,  particularly 
at high altitude,  are  probably  the  main  contributors  to tihe violent ig- 
nition of the rUeL 
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Complete  Starting  Sequence 
s 

The  time  required  for  each  phase of the  starting  sequence and the 

ation  at  three  altitudes  and  for  both  spontaneous  and  hot-streak igni- 
tion  are s-ized in figure 80. The the required  for  the  complete 
starting  sequence  with  hot-streak ignition increased fim lli to 27 
seconds  as  the  altitude  increased f r o m  30,000 t o  50,000 feet.  The  same 
altitude  varLation  increased  the  total  start-  time  with  spontaneous 
ignition from 1% to 60 seconds. 

' total  time  consumed from throttle  burst  to  stabilized  afterburner  oper- 

1 

Of  the  total  time  for  starting,.the  time  required  to  obtain  preset 
fuel manifold pressure amounted t o  only about 2 seconds  at an altitude 
of 30,000 feet,  althbugh  as long as 8 seconds were required  at an alti- 
tude  of 50,000 feet.  After  the  manifold  pressure  reached  the  preset 
value,  only 1 to 2 seconds  were  requfred  to  obtain  ignition dth the 
hot-streak  system, as camlpared to 4 t o  6 seconds  for  spontaneous igni- 
tion.  Although  ignition  times  significantly  shorter  than  that  provided 
by  the  hot-streak  system  cannot  be  expected,  reduction6  in  the  time  re- 

reducing  the  voluple of the f'uel lines that must be  filled  prior  to  each 
afterburner  start. 

- quirea  to  obtain a preset  fuel manifold pressure would be  obtainable  by 

c 

As mentioned  previously,  the  greatest portion of  the  starting  time 
at  each  altitude  is  consumed  in  rekching  equilibrium  following ignition. 
Although  the  length  of this stabilizfng  period is significant,  it  should , 
be  noted  that  the  afterburner  provides a substantial  thrust  increase 
shortly  after  ignition  occurs. During the tfme that  afterburner  opera- 
tion is becoming  stabilized, the thrust w i l l  be  oscillatory  and  may  pe- 
riodically  equal  or  even  exceed  the  stabilized  value.  'Because 
the  hot-streak  system  provided  smoother  ignition than dld  spontaneous 
ignition,  particularly  at high altitudes,  the  oscillation was less  se- 
vere with the  hot-streak  system;  consequently the tine  required  to  sta- 
bilize  operation was appreciably  shorter  at  all  altitudes. 

The  combined  use of af%erburniig  and  injection  of refrigerants into 
the  compressor  or  combustion  chamber  of a turbojet  engine may, as a s -  
cussed in reference 40, result in hfgher thrust augmentation than can 
be  achieved  by.either  injection or afterburning  alone.  The  over-all 

proximately  the  product of the  ratios  obtainable From the  individual 
systems.  Eqerimental  investigations of cmbined refrigerant  injection 

.r augmentation  ratio  Ideally  obtafnable with the cmbined systems  is ap- 

d 
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and afterburning  are  reported in references 41 and 42. In  these  experi- 
ments, afterburning was combined with injection of ammonia or a water- I 

alcohol  mixture. Alcohol i s  normally added t o  the water because it de- 
presses the f'reezfng point of the mixture a@ because it-serves  as a .. 

convenient source of  the  additional heat needed t o  vaporize the  water.' 
Because a water-alcohol mixture provides  appreciable  gains in   thrust  
only at  moderately high W e t - a i r  temperatures, t es t s  with these fluic3.a 
were confined to sea-level, aero-ram conditions. Ammonia injection, on 
the  other hand, provides  useful thrust gains at l o w  ambient tem-geratures 
and,  consequently, tests with aamnonia injection were conducted art condf- 
tims sirmzlating flight above the tropopause a t  a Mach  number of approx- 
imately 1.0. 

" 

E! 
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In  reference 41, augmentation ratios as high as 1.7 were obtained 
by  combined water-alcohol  injection and afterburning  as campared t o  
about 1.5 for  afterburning alone and 1.22 fo r  injection  alone. In ref- 
erence 42, appreciable  thrust  increases w i t h  combined m o n i a  injectLon 
and afterburning  0ver.tha-b  obtainable with either system alone were dem- 
onstrated. The thrust  increases  obtainable by the combined  au@plentation 
systems depend,  however, on-the  coohnt used, the characteristics of the 
engine, asd the gas-temperature  limi-t;ations i n  the  afterburner. Because 
of this dependence of thrust  output on a c t o r s  other than afterburner 
performance, the effect of the presence of the injected  coohnts  (dllu- 
ents) on the performance of the afterburner is discussed i n  this section 
with regard t o  operating limits and combustion efficiency.of  the  after-  
burner rather than with regard to  thrust  augmentation obtainable. 

The afterburners used in   t he   eqe rben t s   ( f i g s .  81 and 82) were 
representative of the best  current  design  practices as discussed Fn 
other  sections of  this report. 9% afterburners were over 5 feet  long 
and had two- or  three-ring  V-gutter flameholders with blockages of abmt 
35 percent. The fuel-injection systems were located ta provide adequate 
mixing Length. 

Efrect of Water-Alcohol Injection . 

In  figure 83 are show  the  .effects o f . t h e  presence  of.water and 
alcohol on the combustion efficiency and outlet-gas temperature of the 
afterburner. The mixture used was 30 percent  alcohol and 70 percent 
water by volume; the  alcohol'ms a blend of 50 percent  ethyl and 50 
percent methyl alcohol. The value of fuel-air r a t i o  presented in  the 
figure is the wefght ra t io  of Fuel flowing t o  .me afierburner  (includ- 
ing alcohol. not consumed in   the engine combustors) t o  unburned a i r  
flowing t o  the afierburner. Values of equivalence r a t i o  presented are . 

based on t o t a l  flow of- a l l  fuels (engine fuel, afterburner  fuel, and 
alcohol) and t o t a l  air flow. A t  each Fuel-air ratio,  or equivalence r 

.. . 

.. 
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r a t i o ,  increasing the f l o w  of coolant  decreases the canbustion  efficien- 
cy. These effects  are  particularly pronounced a t  the higher  equivalence 
ratios.  With an equivalence r a t i o  of 0.93, the  efficiency  decreases 
more than 35 percent as the  coolant-to-a5r  ratio  increases *om zero t o  
0.072. The effects of water-alcohol  injection'on gas tarperatwe  are 
shown in  f igure 83(b). Outlet temperature  decreases 17  percent over the 
same range of coolant-to-air  ratios. The temperature  could  not be in- 
creased by raising the equivalence ra t io  beyond the value of 0.93 be- 
cause the  decrease Fn combustion efficiency  offset the increase i n  fuel 
flow. The large"reduc3ion  Zi-cambustion  efficiency as ~ t e r - a l c o h o l  
flow is  increased i s  probably due t o  a reduction in  reaction  rate,  as 
discussed  in'reference 43. I 

The maximum equivalence rat ios  that could  be  used in   t he  engine 
were limited by afterburner  screech. The l imits of stable cbmbustion 
are shown in figure 84. The afterburner fuel-air ra t io  a t  which screech 
occurred was approximately  constant over most of the coolant-flow range 
and occurred at a value  greater  than the fuel-air rat io   for  maximum tem- 
perature.  "he,over-all  equivalence  ratio was also nearly constant over 
the range of injected flows. . ' 

- 
Although afterburner blow-out w&s not encountered in  the  full-scale 

work of reference 41, some SmEtll-scale cambustor work reported  in refer- 

affected by water -5rijection. R e b u l t s  of blow-out . tes ts  on a B-inch- 
diameter V-gutter canibustor (-am re f .  44) are shown in  f igure 85. A f t -  
erburner  equivalence r a t i o  is plotted  against  the  injected  water-air ra- 
t i o .  With the burner  operating with JP-3 fuel, the possible range of 
operation  decreases as water-air-  ratio  increases, and operation was 
not possible a t  water-air r a t i o s  above 0.07. 

c ence 44 indicates that for some burner designs, blow-out limfts may be 

Also shown in  f igure 85 are werating  points  for a s l w  fuel of 1 

60 percent magnesium (approximately J-mi~rOn particle  size) and 40 per- 
cent 3p-3 fuel. A s  indicated by the stable  aperation  obtained a t  equiv- 
alence  ratios over 1.0 a t  water-air ratios as high as 0.15 (limited only 
by  water-pumping capacity),  the  effect of water injection on blow-out 
limits is el-fmi.nated i n  the practical  range  of water lnjection  rates by 
the  use of the slurry fuel. 

The small-scale-burner results with the slurry fuel have been par- 
tially confirmed in a f'ull-scale afterburner. Unpublished full-scale- 
afterburner t e s t s  with a slw of 50 gercent magnesium and JP-4 fuel 
have shown that stable  screech-fkee  operation is possible with a water- 
air r a t io  of about 0.10 at  staichiaanetric  fuel-air ratio i n  the 
af'terbmer : - - .. 
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Effect  of Ammonia lhjection 

The  effect on cambustion  efficiency and autlet-gas  temperature of 
ammonia injection in the  afterburner of figure 82 is  shown  in  figure . 
86. IH this  afterburner, maxfmum combustion  efficiency and highest g a s  
temperature  over  the  range of equfvalence  ratios  covered  occurred at an 
over-all  equivalence  ratio  of 1.0 for all afmdonia flows. Increasing 
the  ammonia-air  ratio  decreased  both the combustion  efficiency  and  the 
maximum gas  temperature. .This effect, while quite small .at an equiva- 
lence  ratio  of 1.0, became much greater as the  equivalence  ratio was 
decreased. to 

. .. . - 

.- 

r( 
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Although  screech was not  encountered  during  these  tests,  the  effect 
of  ammonia  injection  on  blow-out  limits  shown i n  figure 87 was observed. 
At  the  higher  ammonia-injection  rates,  the  afterburner wa6 operable  over 
only a very  narrow  range of equivalence  ratios.  At  ammonia-air  ratios 
above 0.05, afterburner  operation was not  possible  at any equivalence 
ratio. 

- 

. .  - 
" 

The  relative  effects  of  water and ammonia on afterburner  combustion 
efficiency  cannot  be  determined by dlrect  comparison  of the results  be- 
cause  the  tests  were run on different  afterburners  with  somewhat  differ- 
ent  inlet  conditions.  It  is  probable  that  the  superior  performance of 
the  afterburner offigure 82 with mania injection  as  canpaxed to the 
afterburner  in  figure 81 with  water  injection is due,  at  least  in  part, 
to  its  greater  length. 

4 

SHELL COOLING 

An important  problem af afterburner  design and operation . I s  that . 

of  obtaining  sufficient  caollng of the  burner  shell  to  ensure  adequate 
service  life with miniTmlm penalty  tu  aircraft  performance.  Although 
continual  increases  in  aircraft  performance and installation  require- 
ments  have  steadily  increased  the  severity of this problem, operational 
gas temperatures  of  afierburners have always been  such  that  some form 
of  cooling was required. Many different methob of mawhining safe 
afterburner-shell  temperatures  have  therefore  been  investigated  since 
the  first  full-scale  afterburner was operated  over 10 years ago. 

Consideration  is  first  given to typical distributions of gas and 
shell  temperaturee in afterburners.  Control .af shell. temperature  by 
variations in the  internal  arrangement of flameholders or fuel-injectfon 
systems is then  discussed,  together  with  associated  cmpramises in can- 
bustion  performance.  Most  extensively  investigated has been  the  cooling 
of  the  afterburner  shell by maintaining an adjacent  flow  of  relatively 
cool air or g a s ,  either  by  passing  turbine-discharge  gas.~through an in- 
ternal  liner  or  external  cooling air through an outer coding shroud. 

- 
.I 

. .  
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Included  in  the summary af t h i s  work is a dLscussion of the local and. 
over-all  heat-transfer  coefficients  wlthin  the  af’terburner and. presen- 
tation of a generalized  coolFng  correlation eqwtion. Finally, recent 
investigations of transpiration  cooling,  in  which  cooling  air is passed 
through a porous  afterburner  shell, are smmarized. 

Cmbustion-Gas and Shell  Temperature  Distributions 
0 

g .  Longituanal temperat&e  profile. - ~ata that  indicate  the-manner 
in hich the  bulk gas temperature  varies along the  length of an after- 
burner  are  presented in figure 88. The  data  were  actually obtained from 
ram-jet  cumbustion  chambers  (ref. 451, but  the  flameholders  and flrel 
systems  used  were similar to  those  of  afterburners.  Applicability  of 
these data to an afterburner was also verified in reference 46 by amly- 
sis of longitudLna1 distributions  of stat ic  pressure. The data pre- 
sented  cover  length-diameter  ratios  between 5 and 8, a range which is 
representative of most --scale  afterburners.  Af’terburners  outside 
this  range of length  values my, of  course, have different  temperature 
patterns. 

Q) 

- ‘Phe  rates of increase in gas temperature are compared in the fig- 
ure  with a dashed  curve  that  expresses  the longttudinal temperature- 

(The symbols  used in this  section  are def’ined in the.appendix. } Under 
practical opemting conditions for an afterburner,  the  measured  and 
calculated  values of temperature do not differ  by  more than 20O0 F. 
This rather  satisfactory  agreement  between the measured  temperatures 
d the  values  given  by  the  equation  provides a very  sfmple m e a n s  of 
predicting  the  local rate of change of btzLk gas .temperature  along  the 
burner length. 

. rise  ratio as a sinusoidal Rznction of the  burner-length  *action. 

As would perhaps  be  expected,  the gas temperature  increases  most, 
rapidly  inrmediately  downstream of the  flameholder ‘and tends  to  level 
off  near the  exhaust  nozzle.  At a station midway between  the  flame- I .  

holder and the  exhaust-nozzle  outlet (a value of x/L = 0.5) , the 
tempratme rise is approximately  three-fourths of its final value. 

In addition  to  these  measuremehts  of buLk gas temperature, local 
gas terperatures 1/4 and 1/2 inch fram the  burner  shell  have been m e a s -  
ured.  The  longitudinal  profiles  of  these  temperatures,  as  well  as  those 
of the  shell  itself, m e  presented i n  figure 89. In contrast t o  the 
epid increase in bulk  gas  temperature dowtream of the  flameholder, 
the  gradual  spreading  of  the  flame is such .that  the gas temperatures 
near the  shell  do not start to rise  rrapidly until some  distance dawn- 
stream of  the  flameholder.  The g a s  teznperature 1/4 inch from xhe burn- 
er  shell  is, in fact,  essentially  canstant frm the  turbine  outlet to a 

F 

* 



58 L 

s :  mcA RM E5Ll2 

p i n t  24 inches downstream of the flameholder. This fairly  constant gas 
temperature f o r  the first 24 inches  ofburner l e e h  is  reported  in ref- 
erence 47 to   ex is t  f o r  several  radial  distributions of fuel-air ratio. 

. 

The level of the shell temperatures shown i n  figure 89 i s  i l lf lu- 
enced, of course, by the  design of both the internal components of the 
afterburner and the  external  cooling-air shroud that was used. B e  gen- 
eral trend of these  shell  temperatures, however, follows that of the g a s  
temperatures  adjac-ent t o  -the. burner sh+.. -SpeciaJ. cooling  of-  the first 
foot  or two of burner  length i s  therefore  not  required owing t o  the na- 
ture of  the flame spreading f r o m  the flameholder. Downstream of' this 
point, however, the coo- requirements  increase  rapidly. 

t - r  

m -  e 

The data of figure- 89  were a l l  Obtafned at an  exhaust-gas bulk tem- 
perature of 3811O R. Longitudinal  profiles of she l l  k e r n t i r e  for 
three exhaust-$as temperatures are  presented  ipfigure 90; the  trends 
are similar for the three temperature levels. 

-. 

Transverse-gas-temperature  profiles. - Values of combustion gas 
temperature measured across a diameter of a typical  afterburner  at a 
station 48 inches dometream of the flameholder are shown in figure 
9 1  for two values of exhaust-gas bulk temperature. The difference be- .. 
tween the  general  level of the  temperatures shown and the.exhaust-gas 
bulk  temperature is due t o  continued combustion of fuel  in  the 2 feet  
of burner lemh aft of the measuring station. As the exhaust-gas bulk 
temperature was Increased, the transverse gas-temperahme profile be- 
came higher and slightly broader,  but did not  increase  appreciably near 
the  burner  shell. 

." 

. 
." . . - . . . . . . . - 

These data were obtained wTth a .f'airly typical radial distribution 
of fuel-air ratio.  As noted in reference 47, variations in the fuel- 
air-ratio  distribution can Jmve large  effects on this transverse s s -  
temperature profile. 

Circumferential  shell-temperature  profiles. - The shell tempera- 
tures measured at  various  locations around the circumference of an aft- 
erburner near the exhaust  nozzle have always been found t o  vary appre- 
ciably. The difference between the maximum and minimum shell tempera- 
t u re   a t  a  given station  usually amounts t o  frm 4OO0 t o  500° F and is  
frequently as peak a8 60O0- F. When average shell  temperatures are 
under discussion, which w i l l  be the usual consideration hereln, it must 
therefore be recognized that maximum temperatures  are from 200° t o  
30O0 F higher. 

No real.cmrelr%tion has ever been found beeween the circumferential 
tenrperature pattern and the  design of the burner. .. The circumferential . 

variation i n  shell  temperature is, however; related i n  reference 47 t o  
L 
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internal  gas-temperature  variations  rather  than  to  external  effects  such 
as  might  be  Fntroduced by the  cooling  system  of an engine  installation. 
FuTthermore,  it has been found in many investigations  that a given aft- 
erburner  holds  its  general  temperature  pattern over extended  periods of 
operation and at  various  gas-temperature  levels. In figure  92 (a) are 
presented  two  circumferential  profiles  of  afterburner  shell  temperature, 
one obtained  when  the  afterburner was fairly  new and the  other after it 
had  been  operated  more than 9 hours. This operating  time was accuz11u- 
lated by many separate runs over a period of several days. The  shell 
temperature of this afterburner  varied f rom a m b h n m  of about 80O0 F 
to a maxFmum of nearly 1300° F under  the  particular conditions of oper- 
ation. The circumferential  profiles differ by  less than ZOO0 F for  the 
two  periods of operation. 

Two circumferential  profiles of shell  temperature  measured in this 
afterburner  at  different  exhaust-gas  tenq?eratures  are  presented in fig- 
ure  92(b).  Although the shell knqeratwe is naturally higher  for  the 
higher  gas  temperature,  the  profile  is similar for  both  gas-temperatme 
levels.  At  the  higher  exhaust-gas  taperature,  the shell temperature  is 
seen to va ry  fYm a low of 920° P to 8 high of E 0 O o  F. 

Control  of  Shell  Temperature Through Changes in 

. 

Burner  Internal  Geometry 

One  method of preventkg excessive  she=  temperatures  is  to so dis -  
tribute  the  fuel  injection and position  the  flameholding  elements  that 
no burning takes  place near the  outer  shell.  Although  this  method has 
been  successfully  applied in many case8  &ere a high level of thrust 
augmentation is not  required,  it  loses  its  effectiveness  as  higher gas 
temperatures,  and  consequently,  more uniform f'uel-air-ratio  distribu- 
tions,  are  desired.  The  problem  thus  beccanes  one  of  cmprcanise  in  de- 
sign, to evaluate  the  gains in coo-  against the associated  perform- 
ance  losses.  Although qmtitative data  are  not  available  to  ccmpleteiy 
define  this  choice, sme information  is  available in tihich  either  the 
f'uel-iqjection  pattern or the flameholders were independently  varied and 
that  provides  at least a qualitative  picture of their  influence on shell  
temperatures  and  performance. 

Distribution  of fuel injection. - The  effects of a radial shift in 
the  location of Fuel injection  away fYm the  afterburner  shell on shell 
tanperature and combustion  efficiency  are  shown  in  figure 93. The  aft- 
erburner  used  for  these  tests had radial  -1-spray bars aSa a twn- 
gutter  flameholder  of  30-percent  blockage  with a radial  clearance of % 7 
inches  between  the  outer  gutter and the  afterburner  shell. No cooling .4 
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liner was used. Two cclmparative  patterqs of radial fuel  distribution 
are  sketched  in  figure 93(a). For configuration A, the fuel orifices 
covered  the  inner  70  percent of dif'fuser amx lus  area;  Ghile for  con- 
figuration B, the fuel orifices were confined to the  inner 40 percent 
of annular  area.  With  the.fue1 so confined  to  the  inner  section  of 
the  burner,  the  shell  temperatures  were 100° F lower  at  the  higher 
exhaust-gas  temperatures. As shown  in figure 93(b),  however,  combus- 
tion  efficiency  of  configuration 3 was considerably  below  that of con- 
figuration A for  gas-temperatures  above 3O0O0 R. Thus,  while  the  shell 
temperatures  could  be.  sfgaificantly  reduced by this  shift in f'uel a s -  
tribution, similtaneous losses in combustion perfomnce are  likely  for 
high  fuel-air-ratio  levels of operation. It is nonetheless  noteworthy 
t h a m f ,  for  example, a gas temperature of o w  ZBOOO R were  desired, 
the  radial shift in f'uel  distribution  would provide a 75O  reduction in 
shell  temperature  without  appreciable loss in efficiency. 

Similar results  were  noted in reference U, which  reports  that a 
shift in  the  fie1  orifices away f r c a n  the burner shell  reduced the shell 
temperatures  by some 30° F. The  altitude  limit of t h i s  afterburner, , 

which  operated in.the fuel-air-ratio  range of 0.05 to 0.06, was, how- 
ever,  reduced fYom 54,000 to 50,000 feet  by  the ' in&d shift in rUel 
distribution. 

Same  additional  data  on  shell  ~terqerafxres with various fuel d i s -  
tributions are presented in figure 94.. . & . . t h e  upper  part  of  the  figure 
are  illustrated  the  approximate  radial  distribution of fiel, with con- 
figuration A approxfmately uniform, configuration B with f'uel tomds 
the.outer  shell, and configuration C with  fuel  towards  the  center  of 
the  burner.  The  longitudinal  dietributions  af  shell  temperature,  shown 
in  the lower part of-the figure, are for aCaverage exhaust-gas  temper- 
ature of 3230° R. Even  at  this  relatively low temperature,  the shell 
temperatures  dlffered  appreciably st the  downstre&  end of the  burner. 
With more fuel n e  the  outer wall (configuration B], the  shell  temper- 
atures were about ZOOo F above  those with the  uniform  injection  (con- 
figuration A) and  about 30O0 F above  those  with  the  fuel. near the  center 
of the burner  (configuration C>. This  variation in f'uel distribution 
also had  an  appreciable  effect .on the  combustion  performance. Configu- 
ration B was characterized  by rough burning  and  the  combustion  efficien- 
cy was about 8 percent lower than  that of either  configuration A or C at 
a *el-air  ratio of about 0.04 and d burner-inlet  pressure of 1400 
pounds per s q m e  foot.  Although  the  combustion  efficiency at these 
conditions was approximately  the same for both configurations A and C 
(about 95 percent),  the maximum temperature  that  couid  be  reached by 
configuration C was only 3250° R as compared  to  3700O R for  config  ra- 
tion A. 

- g-- 
tc 
M 
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The  effect  that  the he1 distribution has on afterburner  shell  tem- - peratures may be  influenced  not only by  the  location  of  the  fuel  injec- 
tion  orifices  themselves  but  also  by  the  aerodynamic  characteristics of 

' the flow in the  diffuser. A particularly  striking  example  of  this  ef- 
fect  is  described  in  reference ll. Reduction  in whirl of  the  gases 
leaving the  turbine f r o m  about 30° to loo R by  the  addition  of  turning 
vanes  and  vortex  generators  at  the  turbine  outlet  decreased  the shell 
temperatures  %tween 80° and 120° P at an exhaust-gas  temperature  of 
3100' R. &en greater reductions were considered  possible  at  higher 
g a s  temperatures. This reduction in &ell  temperature  by elimination 
of  turbine-outAet whirl was attributed  to  both  the  decreased  tendency 
of the fuel. to  centrifuge  toward  the  outer  shell  and to the  increased 
thickness  of  the boundary layer  at  the outer shell. 

Distribution  of  flameholding  elements. - Increasing  clearance be- . 
tween  the  outey  gutter  of  the  flameholder and the  burner  shell  obviously 
cannot  be  acccmplished without attendant  changes  in  the  gutter  width, 
blocked  area, or number  of rings. An Fsalated  effect  is  therefore  not 
possible.  One  set of data i n  which  the  radlal  clearance was increased 

.7 1 1  
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frm to % inches , together w i t h  an attendant  increase in both  gut- 
ter  width and blocked area, is presented in figure 95. The  shell  tem- 
peratures  at  the  burner-outlet  station {fig. 95(a)) were  reduced between 
50° and 100° F with  this  increase  in  radial clearance. The  combustion 
efficiency  (fig. 95 (b 1 1 also  increased  samewhat  with  increase in radial 
clearance.  This  increase  in  efficiency  cannot be attributed  to  the 
change in clearance dbension, but  rather  to  the  increases  in  gutter 
width and in'blockage  of  the  flameholder and possibly  to a better  aline- 
ment  of  the  flame-seat  area  wlth the fuel-distribution  pattern. In any 
event,  it  is  apparent  that although no general  rules may be  stated, sme 
alleviation  of  the  cooling  problem  may  frequently  be  possible by alter- 
ation  of  the  internal  geometry  of  the.burner  without  sacrifice in 
performance. 

Use  of Inner Liner 

Use  of an inner liner was m e  of the  first  methods  used  to  maintain 
the  shell of an afterburner at safe  temperature  levels. Inner liners 
are  current-  finding  application in many production  engines,  frequently 
in  the  same  basic  form  as first used at the Leas laboratory'in 1948. A 
photograph of one of these  early  liners is presented in figure 96. The 
liner  usually  extends from the  flameholder  station  to  the b u s t - n o z z L e  
inlet  or,  in  some  cases,  terminates within the  convergent  section of the 
nozzle. A radiai cl&&ance , usually 1/2 inch,  is  provided  between the 
liner and outer  shell  of  the  afterburner  through  which 6 to 8 percent of 
the  turbine-exhaust  gases  are  pumped  by  virtue of the  m&ntum  pressure 
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drop of combustian.  The  liners  have camonly been  made of 0.063-inch 
sheet  Inconel.  Attachment  to the outer  shell  must be made  in a manner 
that will pemit expansion  in  both  axial and circumf'erential  directions; 
one  type  that has been  successfully Ged-is illustrated  in  the  insert of 
figure 96 i 

Outer-shell  temperatures  of  af'tekburners  equipped  with  inner liners 
are  presented  in  references 1, 11, and 48. A l l  available  comparative 
data are presented  in  figure 97. In this figue,.the  average  tempera- 
ture of the  outer  shell and the  inner  liner  at the exhaust-nozzle  inlet 
are  plotted  against  the  exhaust-gas  bulk  temperature. The curve  for the 
temperature of the  inner  liner was, in  the  absence of sufficient  experi- 
mental  data,  computed from the cooling co.rrglati.on  equation  of  reference 

, 46, to'be discussed  subsequently. In this  calculation, 6 percent  of  the 
e*ust--gas was assumed  to  flow  through  the liner.. Agreement with the 
single data point  available  (actually  obtained frm a cross  plot of many 
data  points  presented  in  ref. 1) is very good. 

As noted in the..figure  legend,  the W e e  afterburners  for  which 
shell  temperatures are presented  were of. abogt.  the same length  and  were 
operating  at  about  the  same  turbine-outlet  temperature. No external 
cooling shroud or insulation was used  around  the  afterburners;  all  were 
installed  bare in.the open  test  chamber or wlna t k e l  test  section. No 
pg3cticular  effort was made  to pass co~ling air  over  the  burner, but the 
test  compartment was sufficiently  ventilated to maintain  an abient tem- 
perature  of  the  order of 100° F to  protect  instrumentation and other 
equipment. 

" 

- .  

.. . 
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The  outer-shell  temperatures of the  three  afterburners  show  remark- 
able  agreement.  Shell  temperatures  are  seen  to  increase f'ram about 
8OO0 F at an exhaust-gas  temperature  of 2000° R to  slightly under 
1200° F for  a gas temperature of 3500' R. An average  liner  temperature 
of 1850' F at  the  downstream  end  is  indicated  for an exhaust-gas  temper- 
ature of 3500° R. Although the  liner has lost  much  of  its  strength  at 
these  high  temperatures,  it  is  not him stressed and satisfactory  life 
has usually been  experienced. If the  liner supports permit thermal  ex- 
pansion  in  both  longitudinal  and  circumferential  directions,  the  linere 
were  usually  in a satisfactory  condition  after  as  much  as 40 or 50 hours - of  afterburner  operation. . ... . . " .. . " 

The temperature  of  the  outer shell of.an afterburner  in an actual 
aircraft  installation may, of course,  differ  appreciably from the val- 
ues of figure 97, If' the  afterburner is either insulated OT provided 
with  external  cooling. Same .idea of the  effect of an i b r  liner  on I 

the  outer-shell  temperature may, however, be obtained by cangarison of 
shell  tempemtures  of a given  afterburner  both  with- and without .a liner. 
Such a camparison is presented in figure 98 fgr-two different.afterburn- .. 
ere. For exhaust-gas  temperatures of 3O0O0 to 350O0 R, the shell tem- 
perature  is  reduced  about L 5 0 O . F  by  installatton o f  the inner  liner. . .  - 

L 
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- The  use:  of a ceramic  coating  to  reduce  absorption  of  radiant  energy 
by  the  afterburner  shell has been  considered for years. Many  ce- 
ramic  coatings,  such  as  the  painted  coating  of  Uverite  mentioned  in  ref- 
erence 49, possess  absorptivities  that  are only one-eighth  to  one-tenth 
those  of  steel  at  typical  she=  temperatures.  Simple  heat-transfer cal- 
culations  indicate  that this reduction  in  absorptivity  should  reduce  the 
shell  temperature  about LOOo F. for  .nonLumfnous radiation and 150° to 
200' F for  luminous  radiation  at gas temperatures  of 350O0 R. Experi- 
mental  verification of these  temperature  reductions has, however,  been 
difficult  to  obtain.  'Ifhe  principal  difficulty  of  ex-perimental  verifica- 
tion is that  either  two  different  afterburners  &st  be tested or a sin- 
gle  afterburner  must be disassembled  for  subsequent  coating  and  that  the 
normal variation  of  shell.  temperature from one  afterburner  to  another 
obscures  the.  effects of the  coating. 

One  interesting  approach  to t h i s  problem was the  use of a 4-percent 
solution  of  ethyl  silicate in the  fuel  (ref. 8). During operation of 
the  engine  with this fuel, a thin frosty  coatfng  having a mi- appear- 
ance  formed on the  inside  of  the  shell.  Presented in figure 99 are some 

the  standard fuel (gasoline), with the  ethyl  silicate.  additions,  and 
with  the  standard -1; temperatures  during  the  second period of 
standard-Fuel  operation  were  observed 15 minutes  after s t a r t  of the pe- 
riod.  The  shell  temperature was 70° to 100° F lower than the s t a r t i n g  
value,  both  during  use -of the  ethyl  silicate  and  for a period of st 
least 15 minutes  after  operation on clear fuel was resumed.  Data are 
not  available  to  establish  how long this  costing may be  effective  or  the 
effect of operating  transients on stability  of  the  coating. 

- shell  temperatures  observed  during a sequence  comprising  operation  with 

Forced  Convection  Cooling  by External Air Shroud 

In addition  to  the  use  of an inner  liner, or  properly  designed 
fuel-injection  systems  and  flameholders  previously  discussed, most a f t -  
erburners  are also provided  with an external  air shroud, through which 
is  passed  either ram air  or  carpressor  bleed  air.  Because  information 
upon  which  to  base  the  design  of  coolingeystems f o r  sm~l l -  
length-diameter-ratio  chambers  containing radiant gases was not avail- 
able  in  the  heat-transfer  literature, an investigation of such  cooling 
systems was conducted by the NACA same  three years ago. This  inves-ti- . 
gation  is  reported  in  references 46, 47, and 50, and sane of the sali- 
ent  results  are s m i z e d  in  the follotring -phs. 

Inside  heat-transfer  coefficient. - The  convective  heat-transfer 
coefficient  hc  at  the  nozzle-inlet  station  is  plotted  in  the usual 

c 
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manner in figure 100. This heat-transfer  coefficient was obtained by 
subtracting  the  contribution of radiation, utilizing  published emis- 
sivities  and  absorptivities, from the  measured  heat-flow  rate  through ' 
the  burner  shell and dividing  by  the  applicable  tarperatme  difference. 
The  fluid  properties  appearing in the var igus  dimensionless  parameters 
were  evaluated  at  the  film  conditions.  The  symbols  used  are  deflned in 
the  appendix: 

The  correlatton  represented  by  the  line drawn in  the  plot and ex- 
pressed by the  inserted  equation  is  that given in reference 51 for  air 
in  smooth  rtubes  at high temperatures.  The  present  data  agree  with t h i s  
line  within H3.15. As is pointed out in reference. 50, this  agreement 
between  the  present  data a d  that of reference 51 is probably  the re- 
sult  of  the  similarity of the  transverse  temperature  profiles  of  the 
afterburner  with  those of fully: developed  turbulent f low in pipes. 

The  heat-transfer  coefficient.of  figure 100 is, as previously  men- 
tioned,  for  convecthe  heat  transfer. To obtain  the  total  inside  coef- 
ficient,  the  contribution  of  radiant  heat  transfer is added  to  this  co- 
efficient.  The  magnitude  of  this  radiation will, of COUTB~, depend on 
the  pressure  level  in  the  burner  and  the  operating  fuel-air:ratio,  that 
is,  whether the radiation  is  predominantly l;rminous or  nonlwminm..Li--W 
present  data  were  obtained  over a range of .pressures frm 750 to 1400 
pounds  per  square  foot  absolute  and  the  flame was transluce&, varying 
f r o m  a light  blue-violet  to.turquoise  with  no  yellow  luminosity.  The 
flame was therefore  nanLuminous. 

The combined  inside  heat-transfer  coefficient for a burner-inlet 
pressure of 1400 pounds  per  square:-foot  absolute 16 plotted in figure 
101 against  the  distance  &&instream *can the flameholder,  with  the 
ference  between the g a s  and  shell  temperatures  as a parameter.  Typical 
operating  lines for two  different  outlet gas temperatures  are supria- .  
posed on this map. Along the  operating  lines, the combined  coefficient 
hcr  decreases  from  about 22 to a minfmum of 17 at  the  mldpoint  of  the 
afterburner and then  increases  to  about- 26 at the  end o f  the  afterburn- 
er.  Because  radiation-is  slight in the upstreamportion  of the burner, 
the  combined  coefficient'  aecreases  in  this  section in much the  same man- 
ner  that  the  convective  coefficient does i n  the  entrance  section of 8 

pipe  before f"y developed  turbulent f l o w  is ..eEtablished;  The  subse- 
quent  increase In the cdmbined  coefficient  is  due to increases  both  in 
the nonluminous  radiation and in  the  convective  coefficient  as  the tem- 
perature  gradients near the wall increase. - As is discussed  laeer,  the 
radiant  heat-transfer  coefficient  at  the  downstream  end of the  burner 
was about  one-fourth  of the combined  coefficient. . 

. .  

Over-all  heat-transfer  coefficient. - The measured  over-all  heat- 
transfer  coefficient, includim both  the  outside-shell  coefficient ad- 
jacent  to  the  cooling  air (which may be computed fram information in the - 
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heat-transfer  literature) and the  combined  inside  coefficient,  is  pre- 
sented  in  figure  102. This plot  is sFmilar to that  of  figure 101, with 
burner  length  as'the  abscissa,  temperature  difference frm gas to  shell 
as a parameter,  and  wFth  typical  operating  lines  supertmposed  for  two 
exhaust-gas  temperatures. m e  longitudinal  variation  of  this  over-all 
coefficient is similar to  that  of  the  combined  inside  coefficient br 
because  the  controlling  resistance  to  heat  transfer  is  that  of  the  in- 
side  film. 

- 

The  relative  magnitudes  of  the  various  heat-transfer  coefficients 
at the  exhaust-nozzle  inlet  station  and  for a gas-to-shell  temperature ' 

difference of 160O0 F are indicated  for scme typical  operating condi- 
tions in the  following  table: 

Burner - M e t  

Over-all Combined Radiation Convective lb/N ft abs 

Heat-transfer  coefficient, 
static  pressure, Btu/(h4 ("PI ('w ft) 

inside 
850 

17.5 24.5 6 .O 18.5 1400 
n.5 16.5 4.2 12.3 

The heat  transferred  by  nonluminous  radiation was about  one-fourth 
of the  total  heat  transferred to the  shell  for  the  conditions  investi- 
gated.  The  presence of luminous radiation, which is usually observed 
in  afterburners  operating  at high gas  temperatures and at combustion 
chamber  pressures of two atmospheres  or  hfgher,  would  obviously  consid- 
erably  increase  the mount of  heat  radiated.  Additional  research  is, 
however,  necessazy  to  establish  the  magnitude  of  the lmlnous radiation 
under  these  conditions  and  to  formulate  convenient  methods  for  its  pre- 
diction.  The  over-all  heat-transfer  coefficient was approximately 0.7 
of the  combined  inside  'heat-transfer  coefficient. 

Cooling  correlation  equation. - To provide a convenient asd rapid 
method  of  calculating  the  shell  temperature of an afterburner from cam-. 
monly known performance  parameters, a semiempirical  correlation  equation 
is  derived in reference 46. The form of the  equation was analytically 
derived,  and  data frm references 47 and 50 were  used  to  evaluate the 
constants in the equation. The final plot of  this  evaluation, which de- 
termines  the  correlation  equation,  is  presented in figure 103. For 
convenience,  the  equation is repeated: 
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where 

Ta,2  outlet  cooling-air  temperature, 91 

Ti3 

TS average  shell  temperature  at  exhaust-npzzle . .  inlet, % 

bulk tezqerature of cmbustion gas at exhaust-nozzle  inlet, % 

Wa  cooling-air .flow, lb/sec 

wg cosibustion-gas  flow,  lb/sec 

This  equation  relates  the  average  shell-temperature at the down- 
stream  end of the cdustor to  the  outlet  gas  temperature,  the  outlet 
cooling-air  temperature,  and  the  mass-flow  ratio of cooling air  to  cam- 
bustion gas. As previously noted, the e shell  temperature will 
usually be frm 200' to 300° F higher  than  these  average  temperatures. 
The  pertinent  dFmensions af the  afterburner  used  to  establish  this  cor- 
relation  were 8. length of. 5 feet, an internal  diameter of 26 inches, 
and a cooling-passage  height  of 1/2 inch.  Charts for determining  the 
outlet-air  temperature Ta,2 frm the make camm~nly known idet-a* 
temperature and other known parameters  are  presented i n  reference 46. 
The equation has, of couTse,  the  limitations  regarding  the  relative 
influence of convective  and  radiant  heat  transfer  discussed  previ.ously. 
It also was obtained from an af'terburner with essentially  one  fkel-air- 
ratio  distribution;  although,  a6  discussed  ia'reference 46, change6 in 
fuel-air  distributian  sufficient  to  cause  marked  deviation from the 
eqmtion resulted in poor combustion  pperfopmgce.. . The equation may be 
considered a good approximation  for  present  types  of a f t e r m r s  with- 
out  an mer Liner. up to gas temperatures o f  350O0 ,R at  flight condi- 
tions  where  luminous radiati0n.i~ not significant.  "deviatton of 
shell  tauperature f'rm the correlation  values for either  afterburners 
with  an  inner  liner or those  specially  designed for  maximum thrust 
(high-taperature  afterburners)  is  illustrated  later  herein. ' 

An indication cxf the  degree  to  which  the  correlation  eqpation ac- 
counts  for the effect of a l l  signfficant  variables  is  presented in fig- 
ure 104 Fn which values  of  shell  temperature  cgqputed f r o m  the  eque;tiF 
are  plotted  against  measured  temperatures .. Principal  variables  covered 
by  the  tests  included  exhaust-gas  temperatures f'ircin 2856' $0 350O0 R, 
pressures from 850 to 1400 pounds per sqTe._foot  absolute,  cooling-aFr 
mass-flow  ratios from 0.067 to 0.191, inlet  coo--air  temperatures 
from 500' to 1587' R,. and.afterburnff-Fnlet  temperatures from U4Q0 to 
1630° R. Agreement  betyeen  the  measFed.aqd.calculated values of shell 
temperature- 1 s -  within 60' R.. 

. . . -. . . 

" 
"" .. 
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For  convenience,  the  shell  temperatures  computed  by  the  correlation 
equation  are  plotted in figure 105 against  the  coolant-flow  ratio, fo r  a 
range  of  exhaust-gas  temperatures  at an inlet  coollng-air  temperature of 
80° F. This  plot  show6,  for  example,  %hat an average shell tmperature 
of 15W0 F would be  obtained for a coolant  mass-flow  ratio  of 0.08 and a 
gas tenrgerature of 35000 R. Doubling  the  coolant  flow  ratio  (to 0.16) 
would decrease the shell tenip6iiitures  about 350° F, to 1150° F . For 
most  of the region  of  practical  interest,  the shell taperatme is 
changed  by 250° to 3OO0 F for a 500° R change in gas  temperature,  other 
conditions  remaining  constant. 

Shell  tejnrperatures  ccmrputed from the  correlation  equation  are  com- 
pared  with  measured  temperatures f r o m  several  afterburners in figure 
106. The  measured  temperatures  are  superimposed-an  the  computed  curves 
presented.in  figure 105. To represent an extreme set  of  co&tfons, 
data  are  presented  for  two  high-kernperatwe  aftekburners  (refs. 8 and 
19) and  for a moderate-tmrgerature  afterburner  fitted  with an inner 
liner  (ref. 52). The high-temperature  burners of references 8 and 19 
were  operated  at a burner-inlet  pressure of 2450 and 1800 pounds per 
square foot abso”k,  respectively; wlth both,  considerable  effort was 
made  to  achieve  the  very  uniform  fuel-air  distribution  necessary t o  burn 
all the  turbine-exhaust  gases  and thus reach high bulk gas temperatures. 

For  the  afterburner  with  the inner liner,  the  shell  temperatures 
are 2CQ0 to 30O0 F lower than predicted  by  the  correlation  equation. 
As previously  discussed,  the  largest part of this  difference may be 
attributed  to  the m e r  itself. Shell temperatures of the  high- 
temperature  afterburners  are  some 250° to 30O0 F higher than predkcted 
by the  equation; a cooling-air  flow 30 t o  40 percent greater than  that 
computed  would  be  required t o  maintain the same  shell  t-eratures. 
This  difference is undoubtedly Largely due t o  the injection  of fuel 
closer  to  the  shell of the  high-temperature  afterburners than was the 
case for the  afterburner  of the correlation  equation, and possibly due 
to  the  greater  contribution of radiant heat transfer at the somewhat 
higher  pressure  level of operation. In any event,  the  correlation  equa- 
tion  appears t o  be fairly accurate  for  conventional  afterburners  operat- 
ing at gas tempemtures up t o  350O0 R at pressures  up to 1 atmosphere; 
in  more  extreme  cases,  such as those  illustrated in figure 106, devia- 
tions in shell  temperature of up to 2OO0 to 30O0 F may be expected. 

Transpiration Cooling 

To avoid  the  considerable  losses in net thrust resulting Pan the 
large mounts of cooling  air  required for high-tenqlerature  afterburners 
at  supersonic  flight  conditions,  more  effective  cooling  by means of 
transpiration,  or  air  passage through porous walls, has been  investiga- 
ted. In this  type of coallng,  the  cooling  air is allowed t o  pass through 
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a porous w a l l  that forms the afterburner shes ,  thus  providing both an 
intimate  contact of the cooling air  with the burner shell and a con- 
stantly  replenished  insulating layer of cool air on the  inside  surface 
of the  shell. A preliminary  investigation of t h i s  method of  cooling an 
afterburner with a  sintered porous etainless  steel   shell  i s  reported  in 
reference 53. Although promising coollng  characteristics were obtained, 
the  sintered  material that was used w&s cosidered unsatisfactory from 
the  standpoint of strength, control of permeability, and fabrication 
diff icul t ies .  Although sintered m@terials of considerab.ly improved 
characteristics have since been developed, their ugavailability a t  the 
time lead t o  the choice of a wire clalih material far the subsequent in- 
vestigations  reported in  references 54 ana 55. 

The wire cloth used was Monel 2 1  x 70 twilled Dutch weave that was 
sprayed with silver  solder and brazed and rolled t o  a 35-percent reduc- 
tion  Fn.khiches6 for control of permeability. The burner shell was 
formed  by spot-welding s t r ips  of this cloth t o  a structural framework. 
The various  charnels of wire cloth formed I n  t h i s  manner, which e r e  4 
inches wide and about 1/2 inch deep  and  &emlea the length of the burn- 
er, are  apparent i n  the photographs o f  f i  . e . 1 0 7  - After   in i t ia l  oper- 
ation,  the channels +re bulged between lrand 318 inch at the mldspn, 
a  result which reduced the  tensile  stresses CaUsed-by the  pressure 
forces. This burner shell  successfully withstood the pressure surges of 
a number of afterburner  starts as well as the  usual  pulsations  during 
normal steady-state operation.  Air-flow  calibrations  taken during the 
investigation  (afterburning operation of 4 hours and U) minutes) re- 
vealed no discernable  variation w i t h  time. 

Typical longitudinal  profiles uf temperature and pressure for a 
given  exhaust-gas  temperatnre -xrd coolant-flow r a t i o  a re  shown in   f ig-  
ure 108. Temperature profiles for the combustion gas,  the.aFterburner 
porous wall, and the c o o l h g  a i r  are shown i n  figure  108(a). Data f& 
the porous wall and the cooling-air  temperature  are  presented  for  the 
hottest and coolest of  the 20 separate cE%nels. A considerable dif- 
ference i n  temperature between these two channels was obtained, largely 
because uf a nonuniform pressure  distribution from the in le t  plenum 
chamber that was used. It is believed that a better plenum chamber, 
the  addition of cross-flow  holes in the structural angles that supported 
the wire cloth, o r  a better  selection o p w a l l  permeability would have 
largely  eliminated  these  temperature variations. On the average, the 
wall temperature did not increase a greatdeal along the length of the 
burner  but rather tended t o  follow the nearly constant  temperature of 
the  cooling a i r .  . . ". - . -. . - .. . . .  " 

. . - . . - . . . . - . . . . . .  - ... 

The pressure-of the cooling afr i n  one channel and the combustion. 
gas pressure are shown i n  figure 108(b): The cooling-air pressure rises 
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. 
along  the  length  of  the  channel  because  of 
associated  with  the  continuous  bleeding  of - 

w 
0 
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air 
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deceleration  of  the  flow 
through  the  shell.  The 
burmer  because of the  in- gas pressure  decreases along the  length of 

ternal  pressure drop of  the  afterburner,  thus  providing an increasing 
pressure  differentia along the wan. The  single  curve  of f i w e  IW(C) 
shows  that  the  longitudinal  addition of cooling  air  into  the  slightly 
tapered  burner was nearly -linear. 

To permit  application  of  these  data  to ather afterburners or other 
operating  conditions, a correlaAon is presented-in  reference 55 that  is 
summarized in figure 109. In this correlation,  the  temperature- 
difference  ratio (TS,z - Ta,z)/(Tg,z - Ta,z 1 is  plotted  against  the 
coolant-flow  ratio (pV),/(pU), for constant  values  of  bulk  Reynolds 
number.  The  length  used  in  the  Reynolds  number is the  distance f’rom the 
leading  or  upstream  edge  of the porous wal l .  Consequently,  the 
temperature-difference  ratios and the  coolant-flaw  ratios  are  local val- 
ues  corresponding  to  the local Reynolds nmbers. The  quantity (pU}, 
was assumed  identical  to  the loca l  one-dimensional  value-of  total  weight 
flow  per  unit of cmbustion-chamber flow mea. The  porous-wall  temper- 
ature Ts,2 was measured on the  cooling-air  side  of  the  wire  cloth,  but 
can  be  considered  practically  to  represent  the  temperature on the hot- 
gas side  because of the small difference in measured  temperatures  across 
the  wire  cloth. 

The  correlation  presented in figure 109 includes  data ftrm both  the 
hottest  and  coolest  channels;  these data define a single  curve  foy a 
given  Reynolds amber. For coolant-flow  ratios  less  than  about 0.007, 
the  Reynolds  number has no effect on the correlation.  For  higher 
coolant-flow  ratios,  however,  the  temperature-difference  ratio, and 
hence  the wall temperature  for fixed cooling-air  and.gas  temperatures, 
decreases as the  Reynolds  number  is  increased. A partial  canparison  of 
this  correlation  wfth  the  approxinaate  theories of references 56 and 57 
is  presented in referesce 55. 

The  coolant-flow  ratio (pV),/(pU),, or  more  specifically  the  cool- 
ant flow CpV),, is a kction of  the  permeability of the  wire  cloth and 
the  pressure  difference  across  the  cloth. Wormation relating  the d e - .  

sign and  fabrication of the  cloth to its  permeability is presented  in 
reference 54. Ichis information,  together  with  the  correlation  of fig- 
ure 109, permits  determinatLon  of  porous-wall  temperatures of an after- 
burner  for  various  values of total, or over-all,  coolant-flow  ratio 
wa/wg. m e  results  of a sample  calculation are presented in figure UO, 
together  with  conrparative  curves  for  conventional  forced-convection 
cooling I 



Because  the  longitudinal  profiles of both  the  static  pressure  of 
the  cooling  air"  the  ccmibustion gas %e functions of fligh3 con=- 
tion,  the  temperature  curves  obta-ed  for  transpi~&tion~cooling vary 
somewhat  from  one  flight  condition to another. As discussed i n  refer- 
ence 55, however;.these wiati;ons are small and the  curves  presented 
in figure I l O  may be considered  representative of operation of a ty-pi- 
ca1,  present-day  turbojet  engine  operating  over a range of flight speeds 
between  Mach  numbers of zero and 2.0. The operable  range of transpira- 
tion cooling is Umited by  the  allowable  pressure  drop  acrose  the  poraus 
wall. As an example,  the  upper  tick on each  curve  corresponds  to an as- 
sumed minimum pressure  drop  across  the w a l l  of lpaund per  square  in& 
at  the  leading  edge.  The l o w e r  tick  corresponds  to an assumed maximum 
pressure drop of . 6  . p d  per. s q w e  inch  .at the trailing  edge.  Because 
of  these  limits on w a l l  pressure  drop, together wfth the drop i n  
combustion-Wber pressure  along  the  length of the b w r ,  the  cooling- 
air pressure  must  be  accurately  controlled. 

The maximum temperature  limit for the  porous cloth t$at was used 
was about 950° F because of oxidation of the .brazing alloy. With a . 

tqerature margin  of ZOOO F allowed  for mrmal circumferential  vari- 
ations  in gas temperature  and  random  variations in permeability  of  the 
cloth, a safe  operating  temperature of 750' F may be  used for the  pres- 
ent  material.  Reference  to  the  curve6  of  figure U O  s h o w s  that this 
wall temperature  could  be  maintained  with a coalant-flow  ratio of 0.033 
for a gas temperature of 37000 R a d  an iaet  coo~ng-sir temperature 
of 200' to 250° F. For a maximum operating  tempeeture of 140O0 F for 
a forced-convection-cooled  shell of stainless steel, a coolant-flow ra- 
tio  of 0.15 woula be  required for forced-convection  cooling  at  the same 
gas temperature.  Coolfng-air  requirements for  a transpiration-coole& 
afterburner wall w e  thus of the  order of one-f'ifth  those  required for 
a convection-coaled shell. Even lower cooling-air flow rates and, of 
perhaps  more  -ortance,  higher permissible.-shell_tempera~ures and re- 
laxation  of  air-pressure  control  requirements for transsiktion cooli& 
may be  expected f r om several  possible  improvements  in design_& mate; 
rials.  These mrovements wou include closer quality control of wall 
permeability,  the  use  of..stainless  &eel or Inconei  instead  of Mmel 
wires,  the  use of high-temperature brazing aUoys, an& iWthoda of con- 
structfon  that  would  provide a more uniform circumferential  distribution 
of cooling  air  and a 6Cane-t  higher  pressure @op acros~ the wall. 

SUMMARY OF FEWLTS 

. Typical  afterburner-inlet  diffusers  produce 
uniformity in  the  velocity  profile at the  burner 

varying  degrees  of non- 
inlet, with high veloc- 

ities near the outer  wan^ in the  region of the flameholders and-lower - 
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velocities  in  the  center  of  the  burner.  Because  the  gas  velocity  at  the 
flameholder  is  usually  limited by.cmbustion considerations,  the  allow- 
able-average  burner-inlet  velocity,  and  hence  the  burner diameter, is 
largely a f’unction  of  the Uformity of  this  velocity  profile.  One .of 
the  most  significant  diffuser  design  variables  affecting  the  outlet  ve- 
locity  distribution  is  burner  length.  Although data are not available 
to  provide  detailed  design  rules,  several  investigations  have  demon- 
strated  that  increasing  diffuser  length  results in a more  uniform  velocity 
profile,  but  with  some  increase  in  pressure loss. For a diffuser area 
ratio  of  about 2.0, a length-to-outlet  diameter  ratio  of 1.0 should  pro- 
vide a velocity  profile  suitable  for  achieving  good  combustion  perform- 
ance  at high altitude  for an average  burner-inlet  velocity  of 450 to 500 
feet  per  second.  With a length-di&neter  ratio of 2.0 and m area ratio 
of 1.5, the  velocity  profile should be sufficiently  uniform  to  provide 
an average  burner-inlet  velocity  of  over 0.9 of  the  velocity in the 
flameholder  region.  The  shape of the  diffuser  irmer body has no appre- 
ciable  effect an afterburner  performance. V o r t e x  generators  provide 
small improvements in diff’user  velocity  profile,  but  other  flow  control 
devices  such  as  annular  vanes and splitter  ducts  have  not  been  success- 
fully applied.  Afterburner-inlet wbirl has a negligible  effect on com- 

and attendant  overheating  and  warping  of  adjacent parts of the  diffuser. 
Turbine-outlet whirl may be  reduced  to  acceptable  values  by  relatively 
sbple straightening  vanes. 

- bustion  efficiency  but may lead  to  burning  in  the wakes of support struts 

Fuel-Injection  Systems 

To obtain  high coaustion efficiency  at  moderate-to-hi&  over-all 
fuel-air  ratios,  the  fuel-injection  system of an afterburner  must  pro- 
vide a uniform  fuel-air-ratio  distribution  across  the  burner  in both a 
radial  and a circumferential  direction. If maximum efficiency  is  re- 
quired  at  fuel-air  ratios of‘ 0.055 to 0.060, for  example,  the  mean  devi- 
ation  of  local  fuel-air  ratio must be less  than 1Q percent of.the aver- 
age  value. If a maximum combustion  efficiency  at  low fuel-air ratios 
is desired,  the  fuel  distribution  should  be  norrunifom.  With  the usual 
type  of  circular-gutter  flameholder,  this  nonuniformity, or the locally 
rich  regions,  should  be  oriented i n  a radial rather  than  in a circumfer- 
ential  direction.  T5e  radial  fuel-air-ratio  distribution  provided  by a 
fuel-injection  system can be predicted  with  satisfactory  accuracy  by 
simple  considerations  of  the  radial  proportfoment of the injected  fuel 
and  gas  flow.  The  uniformity  of the circumferential  pattern  of  fuel-air 
ratio will depend on both  the  spacing of the radia fuel-spray  bars and 
the  penetration  characteristics  of  the fuel jet  across  the  gas  stream. 
The  penetration  characteristics of fuel  jets in afterburners  appears  to 
be  between  those of pure  liquid  jets and those  of  air  Jets,  with  the 
relative  position  depending on the  factors  that  influence  the  rate  of 
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fuel vaporization. Tnobtain a uniform circumferential  fuel-air-ratio 
distribution,  the.spray bars should be namore than 3 inches  apart  at 
the  burner  shell  if  the gas velocities  are high (500 to 600 ft/sec). 
For  lower gas velocities;  the  spray-bar  spacing may be  increased  sane- 
what,  provlded that the  fuel  orifices  are  at  least 0.030 inch in dime- 
ter.  Highest  cambustion  efficiency  at high fuel-air ra t ios  is obtained 
with  fuel  injected in a direction  transverse  to  the  gas  stream, and with 
a mixing  distance of at  least l2 to l5 inches between the point  of in- 
Jection and the  flameholder. 

rl 

M 
e 

Flmeholder Design 

Of  the  cross-sectional  gutter  shapes  investigated,  allprovided 
about  the  same  combustion  performance  except  the  U-shaped  gutter, which 
was inferior in both  canbustion  efficiency aild blow-out  limits.  The num- 
ber,  arrangement, and size of flameholder gutters  are  important design 
factors.  Gutter  widths  of  approximately 15 inches-  are  necessary for  
good combustion  at w e t  pressures of 600 to l.000 pounds per square  foot 
absolute, although smaller  gutters  are  satisfactory  at higher pressires. 
At l o w  and intermediate  pressure,  three-gutter flameholders appear to .be 
superior t o  one- or two-gutter  flameholdera. In order'to  provide a suf- 
ficient  number of gutters of- adequate adth to  give .good flame stability 
and good efficiency  at low pressures  (below 1000 Ib/sq ft abs}, flame- 
holder  blockage should be  at  least 30 percent. Gains in efficiency by 
increasing  blockage  above 30 or 35 percent amear to  be  negligible. R a - .  

d i a l  gutters  that  interconnect.  the annular gutters have a favorable  ef- 
fect on low-pressure'  blow-out  limits.  Although  the  pressure drop acro8s 
a flameholder  increases  rapidly with increasing velocity and blockage, 
the isotherplal pressure  drop of typical  installations, having 30 to 35 
percent  blochage and for  velocities fram 400 to-600 feet  per  second, is 
only of the order of 1 to 2 percent  of  the  inlet  pressure.  Both the 
isothermal and burning  pressure  drop may be  calculated  with g o d  
accuracy. 

1 

Combustion  Space 

For  afterburners  fiesigned  to  operate  at  high-altituck  conditions, 
an increase in afterburner  length €Yarn 30 to 50 inches provzdes a large 
increase in canbustion  efficiency for  various  condltians of f'uel-sir 
ratio,  inlet  pressure,  inlet  velocity, and inlet  temperature. G a b s  in 
performance  by  increasing  the  length  beyond 5 feet were, however, small. 
The effect of ahell  taper was found, in the one case investigated, to be 
nearly  the same as  reducing the length of a cylindrical afterburner by 
an  amount  providing  the  same  reduction in burner volume; thus  the  effect 
of 'shell taper may be  large  for short lengths and relatively  minar for . 



NACA RM E55Ll2 73 . 

w 
4 or 

0 

5 r;‘ 
u 

L 

long lengths.  Reducing  the  diameter of the flameholder  relative to the 
burner  shell,  which  reduces  the  combustion volume by increasing  the dis-  
tance  for  the flame flront  to  reach  the  shell and hence  fill the combus- 
tor, was found to decrease  the  combustor  efficiency  significantly. For 
low-inlet-velocity ssd high-inlet-pressure  conditions,  such as for an 
afterburner  intended only for  take-off,  considerable  reductions in burn- 
er  length  are  possible. Good take-off thrust augmentation, of the order 
of 40 percent, was obtainable in a low-pressure-drop  afterburner  with a 
length of only 20 to 30 inches. 

Cmbustion Instability  (Screech) 

The  origin and basic  mechanism  of cmbustion screech in afterburn- 
ers, a destructive,  high-frequency,  high-amplitude pressure oscillation, ” 
are not known. Dependance of the  occurrence of screeching  combustion on 
the  design of the  inlet  diffuser and of the flameholder suggests that it 
is  associated  with  the  aerodynamics of the  flow  approaching  the  burning 
region  as well as  with  the  combustion  process  itself. The pressure os- 
cillations  that  occur wfth screech  have  been  identified as a transverse 
oscillation of between  the *st and fourth mode.. This identification 
of the  mode  of  oscillation has led to the  successf‘ul  use of perforated 
cylindrical Hners for  the  prevention’or  eljmhation  of  screeching  cam- 
bustion.  These  perforated liners, which aze  located  about 3/4 inch in- 
side  the  burner  shell a@ extend  at  least 60 percent of the  canbustion 
chamber  length,  have  eliminated  screech in all afterburners  investigated 
over  the full operable  range  of  fuel-air  ratio and for pressures  up to 
6500 pounds per square  foot  absolute. 

Ignition,  Starting, and Transient  Performance 

The  complete starting cycle of an afterburner  consists of f i l l i n g  
the  fuel  pipes and manifolds  with  fuel,  igniting  the  fuel, and estab- 
lishing  equilibrium  engine-af%erburner  operation. The tFme required 
to accelerate  the Fuel pump f im  rest and reach the operating fuel- 
manifold  pressure  increased fkm 2 to 9 seconds  as  altitude was in- 
creased fra 30,000 to 50,000 feet  for two typical  afterburner instal- 
lations.  Ignition  of  the  fuel by m e a n s  of a spa2k  plug  is  unreUabLe, 
and  spontaneous  ignition,  &ile  successful and consistent in sane  aft- 
erburners,  cannot be considered a generally  reliable  method.  Hot-streak 
ignition, which produces a torch of flame into  the  afterburner lrJT mamen- 
tar;y au@plentation of f’uel flow  to a primary cmbustor, has been  very 
successful in many types  of  afterburners. W e   t h e  required to obtain 
ignition  by  this method varies f r can  1 to 3 seconds. The greatest  Length 
of  time in the  ccanplete  starting  cycle  is involved in  establishing equi- 
librium  operation  of  the  engine-afterburner  combination  following igni- 
tion of the  f’uel.  With  a’representative  current  control  system,  the 
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time  required  for  oscillations in the  exhaust-nozzle  area,  the  primary 
engine fuel flow, and  other  engine  variables  to reach their  final  .steady- 
state.  values  increased fram l l . .  to 27 tsed'0nd.s as .altitude was increased 
from 30,000 to 50,~000 feet. 

Effect  of  Diluents. .on Performance 

Injection of a water-alcohol mixture or.ammonia  into  the  compressor 
or  combustor of the engine  to  obtgin high thrust augmerrtation has been 
found  to have a detrimental  effect on the ccmibustion performance of aft- 
erburners.,  Large  decreases  in  the  combustion  efficiency  and maxirmun 
outlet-gas  temperature  occur as-the water-alcohol..iqjection rate is Fn- 
creased,  particularly  for hi&. over-all  equivalence  ratios.  Both smali- 
scale  work  and  some  full-scale  afterburner e~erience indicate a large 
improvement  in  range  of  stable  ope.ration  of  the  burner  if a magnesium 
slurry fuel is used  instead  of JP-3 f'uel.  Canpressor  injection of am- 
monia  also  decreases  afterburner  combustion  efficiency  for a given  over- 
all equivalence ratio, although  the  effects  are small at high equivet- 
lence  ratios.  Afterburner  blow-out limits also  decrease  as  ammonia in- 
jection is increased. 

- 

Shell Cooling 

Circumferential  variations in shell  temperatures of 400° to -60O0 P 
exist  at  the  downstream  end of most  afterburners.  These  temperature 
patterns  are  maintained, f o r  a given  afterburner,  at  various  operating 
conditions and  oyer  considerable  periods of time.  The  shell  temperature 
may  be  reduced  at  least looo F by  changing  the  radial  fuel  distribution 
flrom uniform to ndnuniform (away from the  shell)  but  usually  at  the ex- 
pense of- a loss in combustion  efficiency  at  high  fuel-air  ratios. In- 
creasing  the  clearance  between  the flameholder gutter and the  afterburn- 
er  shell  can  also  considerably  reduce the shell  temperature, but with 
uncertain  effects on the  cambustion  performance. The use of an inner- 
liner will reduce  the shell temperature  about EO" F fo r  typical oper- 
ating  conditions.  Although  such liners qeerate  at high temperatures 
(up to l 9 0 O o  I?), they  have  satisfactory life if  lnstalled  to  permit ex- 
pansion. !&e heat  transferred to the bmr-6he.Q by radiation is ab& 
one-fourth  of  the  total  heat  flux  under  nonluminous  conditions. For 

, cooling  by a forced-convection  cooling-air .shroud, alcorre3ation  equa- 
tion  permits  prediction  of  the  temperature of the  inside  surface of 
typical,  moderate-temperature  afterburners  with.3.n  about 50° for a wide 
range of operating conditik. F O ~  special  high-tempeSti.me  afterbur& 
ers  (outlet-gas  temperature  above 35W0 R )  shell  temperatures may be 
200' to 300' F higher than predicted  by  the  equation. An afterburner 
using transpiration cooling (with a wire  crawl-  ?hell)  requlred  about 

8 
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1 one-fifth as much cooling air as a comparable  convective-cooled a f t e r -  
burner, even for  .$he low-( 750' F) temperature  limits  of  the  present 
material. < 

Lewis Flight Propulsion Laboratory 
National Advisory Carranittee for Aeronautics 

Cleveland., F o ,  December 21, 1955 
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APPENDIX - SYMBOLS 

A 

IIIACA RM E55Ll2 

cross-sectional.area, sq ft 

A€bY 

C P,f 

D 

f/a 

hcr 

kf 

c 

Ta,2 

'a,Z 

Tf 

T€5- 

TS 

'b 

'a 

wg 
X 

Y 

combustion  chamber  flow WeBat distance y from upstream 
edge of porous shell, sq ft 

specific heat of gas at  constant  pressure and film  temper- 
ature, Btu/( lb ] (% ] 

afterburner diameter, ft 

fuel-air  ratio 

thermal  conductivity of gas at  film  temperature, 
B t u / ( W  ( W  (fi l  

distance fYm flameholder  to  exhaust-nozzle  outlet,  ft 

outlet  cooung-air  tempemture, OR 

local a u e  of cooling-air  temperature, OR 

film  temperature,  arithmetic  mean  of bulk and  shell tem- 
perature, OR 

bulk gas temperature, % 

average shell temperature, OR 

flow  velocity  based on bulk  temperature,  ft/sec 

cooling-air flow, Ib/sec 

cambustian-gas  flow,  lb/sec 

distance from flameholder to station x, f% 

distance f r o m  upstream  edge of porous wall, ft 

absolute  viscoa;tty  of  gas  at  film  temperature,  lb/(ft) (see 1 
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Pf 

Subscripts : 
w 
0 
4 

P 
av 

L 

2 

X 

0 

density of gas  at  film  temperature, lb/cu ft 

total  weight  flow per unit of cabustion chamber flow area 
(wg + ~wa)/Ag,yJ  Ib/becl(sq *I 

coolant-flow  ratio 

average 

exhaust-nozzle  inlet 

local 

station x 

f lameholder 

1. Fleming , W. A .  , Cornad , E. WilLimJ and Youn@; , A. W. : merinental 
Investigation  of  Tail-Pipe-Burn&r Design Vaziables. NACA RM 
E50M2, 1951. 

2. Nakanishi, S . ,  Velie, W. W.,.md Bryant, L.: An Investigation of 
Effects  of  Flame-Holder  Gutter  Shape on Afterburner Perfomnce. 
NACA RM E53J14, 1954. 

3. Schulze , F. W. , Bloomer, E. E. , and Miller , R. R. : Altitude-  Wind- 
Tunnel  Dwestigation of Several  Afterburner  Configurations Having 
Moderately Eigh Burner-Inlet  Velocities. WCA RM E54G22, 1954. 

4.  Wood, Charles  C., and Higgenbotham, James T.: Effects  of  Diffuser 
and Center-Body Length on PerfoMllance of Annular Diffusers with 
Constant-Diameter  Outer Walls and with Vortex-Generator Flow Con- 
trols. m a  RM L54G21J 1954. 

5. Ciepluch, Carl C.,  Velie,  Wallace W., and.Burley,  Richard R.:  A 
Low-Pressure-Loss  Short Afterburner for &-Level Thrust Augmen- 
tation. NACA RM E55DZ6, 1955. 

6. Wood, Charles C.:  Preliminary  Bvestigation of the  Effects of Rec- 
tanguhr Vortex  Generators on the Performance  of a Short 1.9:1 
Straight-Wall Annular Diffiser. NACA RM L51GO9, 1951. 

4 



78 - NACA RM F55L12 
.I 

7. Conrad, E. William,  Schulza,  Frederick W., .and Ugow, Karl H. : Effect * 

of Diffuser-Design,  Diffuser-Exit  Velocity  Profile, an13 Fuel  Dis- 
tribution on Altitude  Performance of Sei-eral Afterburner  Configura- 
tions . NACA FM E53A30, 1953. . . . . . . -. . . . . . . . . . - 

8. Conrad, E. William, and Campbell, C a r l  E. : Altitude  Wind  Tunnel Ih- 
vestigation of -High-Temperature ~~b-grqers,. NAY RM. E5X07, 1952,. 

.. . 

. .. - 

9 .  Patterson, G. N. : Modern  Diffuser  Design: A i r c r a f t  Eng., vol. x, 
no. 115;Sept. 1938, pp. 267-273. 4 

pr) 
e 

10. Mallett,  William E., and Karp-Jarnes L., Jr.:  Performance  Character- 
istics  of  Several  Short  Annular  Diffusers  for  Turbojet  Engine  After- 
burners. NACA RM E54B09, 1954. " 

11. Braithwaite,  Willis M., Walker,  Curtis L., and Sivo,  Joseph B . :  A l -  
titude  Evaluation of Several  Afterburner  Design  Variable8 on a 
J47-(33-17  Turbojet  Engine. NACA RM F53F10, 1953. 

" 

12. Gerrish,  Harold  C., Meem, J.  Laurence,  Jr.,  Scadron, Marvin D., and 
Colnar, Anthony: The NAM Mixture  Analyzer and Its Application to 
Mixture-Distribution  Measurement in Flight. NACA TN 1238,  1947. 

- 

13. Jansen, Eztunert IC., Velie,  Wallace  W.,  and  Wilsted, H. D e a n : .  Experi-  
mental  Investigation of the  Effect of Fuel-Injection-System  Design 
Variables on Afterburner  Performance. NACA RM E53KL6, 1954. 

14. Longwell, John P., and .Weiss, Malcolm A. : prig a@ Distribution 
of LiqpiaS in  High-Velocity  Air  Skreams . Ind. and. Eng . Chem. , . .. 

v01. 45, no. 3, Mar. 1953, pp. 667-677. 

16. Trout,  Arthur M., and Wentworth, -1 3.: Altitude  Investigation 
of a 20-Inch  --Jet Cmbustor  with a Rich Inner Zone  of  Combustion 
for  Improved  Lar-Temperature-+tio  Operation. . . .- -. . . NACA . . . . RM E52L26, 1953. - 

17. Henzel,  James G., Jr.,  arid  Wentworth, Carl B.: FYee-Jet  Invest,iga- 
tion  of 20-lnch Ram-Jet  Ccxnbustor  Utilizing  High-Heat-Release  PLlot 
Burner. NACA RM E53HI-4, .1953. 

18. Dangle, E. E:, Friedman,  Robert, and Cervenka, A. J. : Analytical 
and merimental Studies of a Divided-Flow  Ram-Jet  Combustor. 
NACA RM E53K04, 1954. L 



NACA RM ES5L12 Fllr 79 

t 

19.. Huntley, S. C.,  Auble, Carmon M., and Useller,  James W. : Altitude 
Performance investigation of a High-Temperature  Afterburner. NACA 
RM E53D22, 1953. 

20. Chelko,  Louis J.: Penetration of Liquid  Jets  into a High-Velocity 
A i r  Stream. MACA RM E5Op21, 1950. 

21.j Calla-, Edmmd E., and-Ruggeri,  Robert S .  : Bvkstigation of the 
Penetration of an Air  Jet  Directed  Perpendicularly  to tin Air Stream. 
WCA TN 1615, 1948. - . .. 

" 

. . . .  - a  . . . "  

22.  Huntley, S. C., and Wilsted,  H. D.: Alti-h.de  Performance  Investiga- 
tion of Two Flame-Holder  and  Fuel-System  Configurations  in Short 
Afterburner. NACA RE4 E52B25,  1952. 

23. Nicholson, H. M., and Field, J. P.: Same  Experimental  Techniques 
for  the  Investi@;ation  of  the.Mechanism of Flame  Stabilization in 
the  Wakes of Bluff  Bodies. Third  Symposium on Combustion and Flame 
and  Explosion  phenomena, The Williams & W i W  Co.  (Baltimore), 
1949, Pp. .44-68. . . .  

24.  Williams, G l h  C.:  Basic  Studies on Fiasle Stabflization.  Jour. 
Aero.,  Sci., vol. 16, no. 12, Dec. 1949, pp. 714-722. 

25.  Younger,  George.G.,  Gabriel,  David S., and Mickelsen,  William  R.: 
Experimental Study of Isothermal Wake-Flow  Characteristics of 
Various  Flame-Holder Shapes. NACA RM E5lKO7, 1952. 

26  Renas  Paul E. , and Jansen, kerb T. : Effect of Flame-Holder De- 
sign on Altitude  Performance  oLLouvered-Liner  Afterburner. NACA 
RM E53HI-5, 1953. 

27. Henzel, JWes G., Jr., Etnd Bryant,  Lively: . Investigation  of  Effect 
of Nmber and  Width of Annular F-hme-Holder htters on Afterburner 
Performance. -NACA RM E54C30, 1954. 

28.  Lundin,  Bruce T., Dowman, E&rry W., and.Gabrie1,  David S.: Experi- 
mental  Investigation  of -st Augmentation of a Turbojet m i n e  
at Zero Ram by Mean6 of Tail-Pipe Burning. NACA RM E6J21, 1947. 

29.  Braithwaite,  Willis  M., Rems, Paul E., and Tansen, Eumert T.: Al- 
titude  Investigation of Three.Flame-Holder and Fuel-Systems  Config- 
urations in a Short Converging  Afterburner on a Turbojet  Engine. 
NICA RM E52G29, 1952. 

30. Hawthorne, W. R., and Cohen, H.: Pressure  Losses  and  velocity 
ChELnges Due. 60 H&t Release m d ' M i x i n g  in Frictionless,'  Campressi- 
b k  Flow.  -Rep. No.. E.3997,-British  R.A.E., Jan. 1344. 



80 NACA RM E55L12 . 
31. Sterbentz,  William  H. : Analysia and Expefimental  Observation of 

Pressure  Losses 3x1 "Jet Cmbustlon Chambers. NACA RM Ems, 
1949. 

32. Useller, James W.,  33raithmite,  Willis M., a.nd Rudey,  Carl J.: In- 
fluence of Combustion-Chamber Length on Afterburner Performance. 
NACA RM E54EO6, 1954. 

33. w, James L., Jr.,  Velie,  Wallace W., and Bryant, Lively: Inves- 
tigatlon of Combustion  Screech and a Method of Ite  Control. NACA 
RM E53L24b, 1954. 

34.. Lewis Laboratory S t a f f .  A Summary of Preliminary  Investigations 
into  the  Characteristics of Cmbuetion  Screech in Ducted  Burners. 
NACA RM E54B02, 1954. 

35. Bragdon, Thomas A.,.Lewis,  George D., and King, Charles  H.: In- 
terim  Report on Ehperimental  Investigatim of High Bequency Os- 
cillations  in  Ramjet  Combustion  Chambers.  M.I.T.  Meteor  Rep. 
WC-53, Res.  Dept.,  Unite&Aircraft Corp., Oct. 1951. (3uOrd 
Contract NOrd 9845. ] .. . 

36. Newton, R. T., and Truman, J.  C.: An Approach to the Problem of 
Screech  in  Ducted  Burners.  General Ehg. Lab., General Electric 
Co . , Schenectady (N .Y. ) , Mar. 12, 1954. 

37. Rems, P. E., Hamey, R.  W., Sr.,  and  Jansen, E. T. : Altitude 
Starting  Characteristics of an Afterburner with Autoignition 
and  Hot-Streak  Ignition. RM E55BO2, 1953. 

38. Thorman, H. Carl, and Campbell,  Carl E. : Altitude-Wind-Tunnel In- 
vestigation of Tail-Pipe B u r n e r  with Converging  Conical  Burner 
Section on J35-A-5  Turbojet  Engine. NACA RM E9Il6,  1950. 

39. coma+ E. william, B~OOT-, ~ a r ~  E., ma soboleweu,  dam E. : AL 
titude  Operational-Characteristics of a Prototype Model of the J47D 
(RXl-1 and RX1-3) Turbojet Engines with Jktegrated  Electronic Con- 
trol. NAG4  RM E5lE08, 1952. 

40. Hall, Eldon W., and Wflcox, E. Clinton:  Theoretical  Camparison of 
Several Methods of.Tbrust Augmentation for Turbojet  En@;ines. .NAW 
Rep. 992, 1950. (Supersedes. NACA RM E8ELl. ) 

1 

" 

41. Useller,  James W., and Povolny, John H.: Experimental Investigation 
of Turbojet-Engine Thrust Augmentation  by hbined Ccanpressor Cool- 
ant  Injection and Tail-Pipe Burning. NAU RM E5LB16, 1951. 



NACA RM E55L12 - 81 

42. Useller, Jaes W., Harp, James L., Jr., and Fern, David B.: 
Turbojet-mine Thrust Augmentation  at  Altitude  by  Ccmibined 
Ammonia  Injection  into  the  Compressor  Inlet and Afterburning. 
NACA RM E52L19,  1953. 

'43. mpp, N . . M . ,  Snow, B., and Wohl, K.: The  Effect of Water  Vapor on 
the Normal Burning Velocity and on the Stability  of  Butane-Air 
Flames  Burning  above Tubesin Free A i r .  Meteor  Rep. UAC-30, 
United  Aircraft  Corp.,  Wov. 1948. (U.S. Navy, BuOrd Contract 
NOrd  9845 with M.I.T.) 

44. Tower, Leormrd K.: Effect of Water  Vapor on Canbustion of 
Magnesium-Hydrocarbon . S l q  Fuels  in  Small-scale  Afterburner. 
NACA RM E52E25,  1952. 

45.  Pinkel, I. Irving: Determination of Ram-Jet  Combustion-Chamber 
T-eratures by Means of Total-Pressure  Surveys. MACA TN 2526, 
1952.  (Supersedes N A C A .  RM E7C03.1 

46.  Koffel,  William K., and Khi&aan, Harold R.: Empirical Cool ing Cor- 
relation  for an merimental Afterburner w i t h  an Annular Cooling 
Passage. NACA RM E52Cl3,  1952. 

47. Kbffel,  William K., and  Ioaufman, Harold R. : Cooling  Characteris- 
tics  of an Experimental  Tail-Pipe Burner with an AnnuLar Coolhg- 
Air  Passage. NACA RM E5lK23, 1952. 

48. Conrad, E. William,  and Jansen, m e r t  T. : Effects  of  Internal 
Configuration on afterburner Shell Temperatures. NACA RM E51107, 
1952. 

49. Bennett, I. G.: Suppression of Radiation at High  Temperatures  by 
Means of  Ceramic  Coatings. Jour. Am. Ceramic Soc., vol. 30, no. 
10, kt. 1, 1947, p ~ .  297-305. 

50. Koffel, w i l l i a m  K., and m u m ,  Harold R.: Investigation  of  Heat- 
Transfer  Coefficients in an Afterburner. NACA RM E52Dll, 1952. 

51. Humble, Leroy V., Lowdermilk, Warren H., and Demon, Leland G. : 
Measurements of Average  Heat-mansfer and miction Coefficients 
for  Subsonic F l o w  of  Air in Smooth Tubes  at High Surface and 
Fluid Temperatures. NACA Repa 1020, 1951. [Supersedes NACA 
R"s E7L31, E8L03, E50E23,  and'E50H23.) 

52. Wallner,  Lewis E., and Jmsen, Eimnert T.: Full-scale  Investigation 
of Cooling Shroud and Ejector Nozzle for a Turbojet  Engine - 
Afterburner  Installation. NACA RM E51J04, 1951. . 

5 



82 - NACA RM E55LE 

53. Koffel,  William  K. : Bellminary 'Experimental  Eavestigation of 
Transpiration Cooling for an Afterburner  with a Sintered, Porous 
Stainless-Steel C m b u s t i o n - C h a m b e r  Wall. NACA RM E53D08, 1953. 

r 

. " 

54. Koffel, William K. : Air-Flow Characteristics af Brazed and Rolled-. . -  - . " 

Wire Filter Cloth for Transpiration-Cooled.Afterburner6. NACA RM 
E53H24, 1953. " . .  .. - 

" " 

55. Koffel,  William K.: CooUng Characteristics of a Transpiration- 
Cooled  Afterburner w t t h  a Forms Wall of Brazed Etnd Rolled Wire 
Cloth. EiIACA RM E54EZ5, 1954. 

rl 
0 . .. tc 

. m .  

56.  Rannie, W. D.: A Simplified  Theory of Porous Mall Cooling. Prog. 
Rep. 4-50,  Powel'Plant Lab., Jet  Prop. Lab., C.I.T., N o v .  24, 
1947. {AMC Contract No. W-535-ac-20260, Ora. Dept.  Contract No. 
W-04-200-aRD-455.) . .  " 

57.  Friedman,  Joseph: A Theoretical and Experimental  Investigation of 
Rocket-Motor Sweat Cooling. Jour. Am. Rocket SOC., m. 79, Dec. 

.. 

1949,  pp. 147-154. . . . .  - 



NACA RM E55L12 - 83 

Figure 1. - EPfect oi velocity in region of flamcholders on afterburner perfonrance. 

(a) Velocity profiles. 
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1.0 1.2 
Ratto of axial  position  (distance from Inlet) to outlet diameter 

Figure 2 .  - Geometric relations of diffusers  investigated t o  determine 
length effects. 
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Diffuser-inlet Mach n M e r  
" 

(a) Pressure loss. 

(b) Velocity  profile. 

FiguYe 3. - Performance of four diffusers of different  lenpth. 

r 



. .. . . . . . . . . .  . .. . 

.4 .8 1.2 1.6 2 .O 2.4 2.8 
Diffuser  length-diameter ratio 

Figure 4. - mfect of diffuser length-diameter ratio on velocity near flawholder. 
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(b) Diffuser area variation. 

Figure 6.  - Diffusere used in investigation of inner-body shape. 
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Figure 9. - Effect of annular vanes oz1 m e r - o u t l e t  velocity  profiles. 
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Figure 10. - Effect of spli t ter  shroud 011 diffuser-outlet velocity profile. 
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(a) Representative  diffuser-outlet whirl angles. 
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(b) Effect of diffuser-outlet whirl on conbustion  efficiency 
at  altitude. 

Figure ll. - Effect of diffuser-outlet whirl on afterburner 
performance. 
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Figure 12. - Wfect of straightening vanes on whir l  angles near 
d i f f u s e r  inlet. 
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Figure 13. - Typical  flow-straightening  vane at turbine 
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-spray bar 

Figure 14. - Typical fuel-spray bar for full-scale afterbunim. 
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Figure 16. - E f f e c t  of spray-bar design on f’uel- 
air-ratio  distribution 22.5 inches downstream 
of spray  bars. Transverse i n j e c t i o n  from 24 
spray bars having 0.03.0-Inch-diameter orifices.  
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Figure 1 7 .  - Effect of rad ia l   loca t ion  of fuel or i f i ce s  on fue l -a i r - ra t io  
d is t r ibu t ion  15 inches downstream of spray baxs. Transverse  injection 
from 20 spray bms. 
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Figure 18. - Comparison of calculated fuel-air-ratio dFetribution with 
measured values from figure 16. Fuel  mildng distance, 22.5 inches. 
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Square of burner  radius, in.' 

Figure 19. - Comparison of caiculated fuel-air-ratio distribution with 
measured values of figure 17. Fuel mixing distance, 15 inches. 
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Figure 20. - Effect of radial fuel-&-ratio diatr ibut ion on combustion efficiency. 
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Ftgure 21. - Effect of radial fuel-air-ratlo d i s t r i b u t l o n  on exhaust-gas temperature. 
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(a )   Fue l -a i r - ra t io   d i s t r ibu t ion .  Average f u e l - a i r   r a t i o ,  0.055. 

Af terburner   fue l -a i r  ratio 

(b) Combustion efficiency. 

Figure 23. - Combustion  performance of a f te rburner   wi th  
l o c a l l y  r ich  fuel inject ion.   Transverse fuel i n j e c t i o n  
f r o m  1 2  bare having  four  0.030-inch-diameter  orifices.  
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Nonunif’ormity of Fue l - a i r - r a t io   d i s t r ibu t ion ,  

Figur-e 24. - Variation of  fuel-air ratio at which peak com- 
bust ion  eff ic iency  occurs  with uniformity of f u e l - a i r  r a t i o  
d i s t r i b u t i o n .  
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(b) 12 Spray bars. 

Figure 25. - Effect  of  number  of  spray  bars on-circumferential f u e l -  
air-ratio  distribution. Transverse injection from eight 0.030- 
inch-diameter  orifices in each bar. Gas velocity, 500 to 600 feet 
per  second;  burner  diameter, 26 inches. 

(a) 24 Spray bars. 
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Figure 26. - Effect of nuniber of spray bare on com- 
bustion  efficiency.  Transverse  injection.  Eight 
0.030-inch-diameter arifices per spray bar; gas 
velocity, 500 to 600 feet per second. 
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Figure 28. - Effect of spray-bar-orifice  size on combustion 
efficiency.  Transverse  injection from 24 spray  bars, each 
having eight  orifices. Gas velocity, 500 t o  600 feet per 
second; burner  diameter, 26 inches. 
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A f t e r b u r n e r  fuel-air r a t i o  

(a) Combustion e f f i c i e n c y .  

F i g u r e  29. - E f f e c t  of number o f   f u e l - s p r a y  bare'on combue- 
, t i o n   e f f i c i e n c y  and e x h a u s t - g a s   t e m p e r a t u r e .   B u r n e r - i n l e t  

v e l o c i t y ,   a p p r o x i m a t e l y  400 feet per eecond;   diameter  of 
t r a n s v e r s e   i n j e c t i o n  orifice, 0.020 inch .  
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Figure 30. - Flow distribution among orifices of spray bars hsving v&ious 
ra t ios  of total or i f ice  area to spreyhar  flow area. 
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Figure -31. - Effect of direction of f u e l  injectfon on com- 
bustion efficiency.  Twenty-four  fuel-spray bars with eight 
orifices  per bar; Qaa velocity, 460 t o  540 feet  per  second; 
burner-inlet preesure, 1060 to 1350 pounds  per  square foot  
absolute. 
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Section A-A 

Figure 33 

NACA RM E55L12 

'. - 
Downstream v i e w  

Typical two-ring V-gutter flameholder. 
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Figure 34. - Wfect  of cross-sectional shape on fsothemal  xake chexacter- 
is t ics .   Gut ter  width, 3/4 inch. 
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Afterburner-inlet velocity, f t / a e c  

(c) Burner-inlet  pressure, 566 pounde per square foot abeolutef fuel-air ra t io ,  approxi- 
mately, 0.047. 

Figure 36. - Effect of flameholder cross-sectional shape on afterburner as function of 
afterburner-inlet velocity. 
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(f) Burner-inlet pressure, 566 pounds  per  square foot &solute; fuel-air  ratio, 
approximately 0.067. 

Figure 36. - Concluded. Effect of flmrteholder cross-sectiontil shape on after- 
burner 88 function of afterburner-inlet velocity. 
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(a) Engine afterburner  tests  (ref. 26). 

NACA RM E55L12 

(b) Simulated s9terWner Facl‘Lity ( ref .  2). . .  
Figure 38’. - Effect of flamehalder  cross-sectional ehape on blov-out limits. 

. .. 
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(a)  Burner-inlet  velocity, 600 feet per second. 

Temperature r a t l o  Bcroes afterburper 

(b)  Burner-inlet  velocity, 500 feet   per  second. 

Figure 39. - Effect of flameholder  cross-sectional  shape on after- 
burner  preesure 108s. ' Blockage, 29 percent. 
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(a) Fuel-srea ratio, 0.045- two-ring f lameholder;  blockage, 
27 percent;  burner-inlet  velocity, 450 feet   per  second. 
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(b) Fuel-area. r8ti0, 0.04; two-ring f l W h o l & r j  'bloCkage, 
35 percent;  burner-inlet  velocity, 620 f ee t   pe r  second. 
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(c)  Fuel-&  ratio,  0.05; three-ring flameholder; byner - in l e t ,  

" 

velocity,  520 feet  per  second. 

F igure  40. - Effect of flameholder  V-gutter  Kidth on afterburner 
combustion efficiency. 
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q+ (a) Burner-inlet  velocity, 450 feet  per second; blockage, 27 percent; two- 
gutter f l m h o l d e r  (data from ref. 26) . 
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(b)  Burner-inlet  velocity, 520 feet per secondj three-gutter  flameholder 
(data f r o m  ref. 27). 

Figure 41. - Effects of flameholder gutter width on afterburner blow-out 
limits. 
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Figure 42. - Effect of number of gutters on afterburner combustion- 
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efffciency.  Afterburner-inlet  velocity, 520 feet  per second; fue l -  
air ratio, 0.05. 
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(b) Wuner-inlet presaurc, 800 pounds per square foot absolute. 

Figure 43. - BPfect Of blockage on afterburner combustion efflciency. Fuel-dr ratio, 
betvecn 0.04, an8 0.05. 
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Figure 44. - Effect of afterburner-inle?gss  velocity on nonburning 
total-pressure loss. 
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Flgure 45. - W e c t  of flameholder blockage on nonburning total-pressure 
loss. 
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(b )  Afterburner without cooling l iner.  Burner- 
i n l e t  Mach  number, approximately 0.30. 

Figure 4%. - Effect of temperature ra t io  and blocked 
area on pressure  losses,  with  burning. 
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Figure 47. - Afterburner designed f o r  take-off application. 
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Afterburner  fuel-air  ratio 

(b) Augmented-thrust  ratio. 

Figure 48. - Concluded.  Effect o f  afterburner  length on performance of 
take-off  afterburner.  Burner-inlet  pressure, 3800 pounds  per square foot 
absolute. 
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Figure 49. - Afterburner designed fo r  high-altitude COndi t iO~.  
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inlet   veloci ty ,  500 f e e t  per second; i n l e t   t o t a l  temperature, 1200- F. 
1. 

Burner - inlet  

30 40 50 70 
Afterburner length, in .  

(b) Burner-inlet  velocity, 500 feet per second; i n l e t  temperature, l i?oO F; 
0 

f u e l - a i r  ra t io ,  0.055. 
I 

Figure 50. - Effect of afterburner length on performance of high-altitude 
afterburner. 
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(d) Burner - in le t   t a ta lpresswe,  1275 pound8 per  square f o o t  absolute; 
inlet  temperature, 1200° F; f u e l - a i r  r a t io ,  0..055. 

Figure 50. - Concluded. Effect  of afterburner length on performance 
of high-alt i tude afterburner. . .  
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Flameholder 

(a;) Burner-inlet  velacity, 400 f ee t  per second. 

afterburner length, in .  
70 

(b) Burner-Inlet  velocity, 550 feet per second. 

Figure 52. - Effect of reduced  flameholder-gutter  diameter on combuetion 
efficiency. Burner-.inlet t o t a l  temperature, 1200~ F; fuel-air r a t io ,  
0.055. 
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Figure 53. - Tapered afterburner designed f o r  h igh-a l t i t ae   opera t ion .  
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Figure 54. - Effect of afterburner-shell  taper on conibustion efficiency. 
Burner-inlet  velocity, 400 feet per eecBYId; i n l e t   t o t a l  temperature, 
1200' F; fuel-air   ra t io ,  0.055. . . .  - . . . . . .  - . .  
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Figure 56. - Velocity profile at  burner i f le t  showing relative  location of flameholder gutters. 
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(a) Effect of burner-inlet  pressure. 

Burner-inlet  velocity,  ft/sec 

(b) Effect of burner-inlet  velocity. 

Figure 57. - Wfect of inlet   pressure and inlet   veloci ty  on combustion 
efficiency of afterburner. Blockage, 30 percent;  V-gutter  flameholder; 
fuel-air  r a t i o ,  0.047. 
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Figure 58. - E f f e c t  of v e l o c i t y  on stable operating 
range of a f t e rbu rne r  with  30-percent-blocked- 
area V-gutter flameholder. 
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Figure 60. - Effect O f  radial   dietribution of velocity at afterburner 
i n l e t  on screech limit8. 
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Flameholder gutter width, in. 

Figure 61. - Influence of flameholder  gutter  width on occurrence 
of screech.  Burner-inlet total  pressure, 3850 t o  4220 pounds 
per  square foot  absolute;  flameholder blockage, 32 to 40 percent 
of flow area. 
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(a) Burner-inlet   preseure,  1080 pounds per square. foot. 
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(c)  Burner-inlet pressure, 870 pounds per square foot. 

Figure 62. - EPfect  of  flameholder s p l i t t e r  on screech limits. 
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Microphone 
locations 

Time - 
Oscilloscope traces 

Microphone locations; 
damstream view. 

Figure 63. - Phase relatione of screech  oscillations in  2E-inch-diameter afterburner 
w i t h  diametrical V-gutter  flameholder. Microphones equally spaced; location of 
microphone taps, 1.0 inch damstream of flameholder; flameholder width, 8 inchee; 
screech frequency, 650 cycles  per second. . 
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Figure 64. - Idealized cram section of afterburner, sharipg l o c i  of wave-front 
paths f o r  f l r s t  transverse d e  o f  oscillation. 
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Figure 65. - Screech  frequencies of afterburners o f  various diameters. 
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Figure 66. - Upstream view of perforated liner installed in 32-inch-diameter afterburner 
for suppression of screech. 
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Ratio of fuel-system volume to st&ing 
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Figure 67. - T i m e  required to reach operating fuel-manifold  pressure f o r  
an afterburner  etart .  
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Figure 68. - Typical spark-plug igniter  installation i n  afterburner. 
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Figure 69. - !k?fect Of afterburner-inlet  preesure an8 temperature on limits of BDOU- 
taneous ignition. MIL-F-5624 f u e l  with Reid vapor pressure of 7 pounds per square 
inch. 
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Afterburner-Inlet total pressure, Ib/eq ft abs 

Figure 70. - Minimum afterburner fuel-* ratios at which autoignition occurred wlth 
several afterburner  configuratLons.  Fuel, MIL-F-5624 (AN-F-58); burner-inlet ten- 
perature, 1710' to 1 7 d  R.  
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Figure 71. - Bchematlc &lagram of hot-etfeak Ignition system. 
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I t  tering o r i f i c e ,  

Transi t ion 
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Section A-A 

(b) Igniter €3. 
Figure 72. - Deta i l s  of two hot-streak igniters. 
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(a) Altitude, 30,000 feet3 burner-inlet total pressure, 1720 pounds per 
equarre foot 8 b B O l U t e .  
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(b) Altitude, 40,000 feet3 burner-inlet  total  pressure lo90 pound6 per 

0 .01 .02 .03 .04 
Afterburner f uel-air ra t io  
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(c) Altitude, 50,000 feet;.burner-inlet  total  pressure, 660 pounds per 
square foot  absolute. 

Figure 73. - Effect of altitude on time for afterburner  ignition.  Flight 
Mach nwiber, 0.6. 
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Turbine-inlet  total  pressure, lb/sq  ft  ab8 

Figure 74. - Variation of turbine-stator time constant  with  altitude. 
Flight Mach number, 0.8. 
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Altitude, ft 

Figure 75. - Effect of hot-streak-Puel-injection time on variation 
of turbine-stator-blade  temperature rise with altitude.  Initial 
gas temperature, 2000° Rj local  gas temperature, 3000' R; equilib- 
rium  blade  temperature  equal to 0.93 temperature;  flight Mach 
number, 0.8. 
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y l " - D i a m .  4 tube with - seven  or i f ices   directed 
upstream 

t Centerbody 

(a) Configuration A, muLtiorifice  bar.  

Turbine n .  b i f f u s e r  o u t e r   s h e l l  
r-1 
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Flow - 
Four or i f ices   d r i l l ed   en te rbody 
i n  end 

(b) Configuration B, four -or i f ice   bar .  
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.- - D i m .  tube 
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-Centerbody - 

(c)  Configuration C, open-end tube. 

Figure 76. - Turbine-outlet  hot-etreak  syetems  evaluated. 
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' (a) Configuration A, mult ior i f ice   bar .  

(b) Configuration B, four-orifice tuba, 

(e) Configuration C, open-end tube, conrpared v l t h  
typical meturbine hot-streak configuration. 

Figure 77. - Ignit ion limits of turbine-outlet hot- 
streak s y s t m  in comparison with typical pre- 
turbine hot streak. Rnbine-outlet  temperature, 
L710° R .  
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Figure 70. - Oscillograph indications of control-parameter  variations  during  afterburner 

ignit ion and transient t o  steady-etate  operation. Altitude 30,000 f s e t j  flight Mach 
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Figure 79. - Effect of af-terburner-inlet   total   pressure on 
t i m e  t o  reach stable operation &ter ignition. Fl ight  
Mach nuder ,  0.60. 
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Figure 80. - Effect of a l t i tude  on wer -a l l  time required for afterburner 
s tar t ing.   Preset  fuel-air r a t i a ,  0.03; f l i gh t  Mach number, 0.6. 
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Figure 81. - Afterburner used with water-alcohol iqjectlon. Inlet velocity, 
550 feet per second. 
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Figure 82. - Afterburner used vi th  ammDnia injection. Inlet velocity, 391 feet per secona. 
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(a) Combustion efficiency. 

Ratio of water-alcohol to air f l o w  

(b)  Afterburner-outlet-gas  temperature. 

Figure 83. - Effect of water-alcohoi injection on afterburner per- 
formance.  Afterburner-inlet  pressure,  approximately 3800 pounds 
per  square foot absolute. 
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Figure 85. - Blow-out limits f o r  JF”3 f u e l  and 60-percent 
magnesium slurry fuel i n  6-inch  burner.  Burner-inlet 
velocity, 300 to 450 feet per second; burner-inlet  pressure, 
1100 t o  1700 pounds per square  foot  absolute. 
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(a) Combustion efficiency. 

Ammonia-air r a t io  

(b) Mterburner-outleUgas  temperature. 

Figure 86. - Effect of ammonia injection on afterburner performance 
Afterburner-inlet  pressure, 1780 pounds per square foot  absolute. 
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Figure 87. - Effect of ammonia-air r a t i o  on blow-out limits. 
Afterburner-inlet  pressure, 1780 pounds per square foot 
absolute. 
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F r a c t i o n  of combust ion-chamber   l ength ,  A 

F i g u r e  88. - L o n g i t u d i n a l   d i s t r i b u t i o n  of combust ion-gas total 
t e m p e r a t u r e  f o r  several ram-jet combustion chambers. 
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F i g u r e  89. - !Typical longitudinal p f i l e s  of gas and a f t e r b u r n e r - s h e l l  
t e m p e r a t u r e s .  Outlet gas temperature, 38U0 R; i n l e t   c o o l i n g - a i r  
t e m p e r a t u r e ,  537' R; cooling-air mass-flow ratio, 0.1374. 
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Figure 90. - Typical l o n g i t u d i n d  prof i les  of a f t e rbu rne r  B h d l  tem- 
perature  for uaxious o u t l e t  gas temperatures.  -Cooiing-air mass-flov-. 
r a t io ,  approximately 0.14; inlet cooling-air temperature,  approximately 
520' R. 
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Figure 91. - Typical  transverae  profile of gas temperature 48 inches 
downstream of flameholder. 
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Figure 92. - Concluded. Typical circumferential profilerr of shell  temperature 48 
inches downstream of flameholder. 
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(a)  Effect on burner-outlet shell temperatures. 

Figure 93. - Effect of fuel-air-ratio  distribution on afterburner 
performance. . 
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(b) E f f e c t  on combustion efficiency. 

Figure 93. - Concluded. Effect of fuel-air-ratio dietribution 
on afterburner performance. 
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Comparative f u e l   d i s t r i b u t i o n s  

Conf igu ra t ion  A Conf igusation B Conf igu ra t fon  C 

F i g u r e  9 4 .  - E f f e c t  of radial f u e l - a i r - r a t i o   d i s t r i b u t i o n  on l o n g i t u d i n a l  
p r o f a e s  of a f t e rbu rne r - she l l   t empera tu re .  
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(a) Efect on burner-outlet shell temperature. 

(b) Effect on conibustion efficiency. 

Figure 95. - Effect of flameholder area diatribution on afterburner 
performance. 
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Symbol Turb ine -ou t l e t  I 1 OR 
temperature ,  ' width,  I i n .  

0 1700 46 1/2 1 
0 1735 54 112 48 
0 1760 . 48 8314 Unpublished "-b 1700 48 1/2 46 

'i 

%faximum height of corrugated l i n e r .  - 

800 

1900 2300 2 700 
Exhaust-gas temperature ,  OR 

3100 3500 

F i g u r e  97. - Average t empera tu res  of i n n e r  liner and o u t e r  
shell  of several typical full-scale afterburners at exhaust- 
n o z z l e   i n l e t   s t a t i o n .   L i n e r s   e x t e n d   e n t i r e   l e n g t h  of com- 
b u s t i o n  chamber. 
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d e n o t e   d i f f e r e n t  * W i t h o u t   l i n e r  

3600 
Exhaust-gas   bulk tempera ture ,  ?E3 

Figure 98: E f f e c t  'of c o o l i n g  liner on average t e m p e r a t u r e  
of burner  shell at e x h a u s t - n o z z l e   i n l e t .  
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Figure 99. - Reduction In burner eheU temperature by addition of 4 per- 
cent   e thy l   s i l i ca te  i n  fue l .  
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Figure 100. - Correlation of convective  heat-tranafer coef- 

ficlent at exhaust  nozzle  inlet. Physical properties of 
air  evaluated  at film temperature Tf. 
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Figure 101. - Var ia t ion  of combined i n s i d e  heat-transfer c o e f f i c i e n t  
along l e n g t h  of burner  for typical a f t e rbu rne r  with burne r - in l e t  tem- 
pera tu re  of 1633' R. Burner- inlet   pressure,  1400 pounds per squaxe 
foot absolute. 
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Distance downstream of flameholder, in. 

Figure 102: - Variation of over-al l  heat- transfer   coef f ic ient  along 
burner  length for typical afterburner  with  burner-inlet  temperature 
of 1633O R; burner-inlet total pressure, 1400 pounds per square foot. 
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Figure 103. - Correlation equation for avcxage afterburner shell temperature6 a t  
exhaust-nozzle inlet. 
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Figure 104. -. comparison of experimental shell temperaturea at 
exhawt-nozzle i n l e t  with temperatures calculated from cor- 
relation equation. 
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F.lgure 105. - Average shell temperaturee at exhaust-nozzle-inlet  statlon 
for  range of exhaust-gas temperatures and mass-flow ratios  asoca1culated 
from correlation  equation.  Cooling-air  inlet  temperature, 80 I?. 
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Figure 1%. - Comparison of afterburner-shell temperature from correlation 
equation with available data from several  afterburners. 
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(E) Before cooling ipvestigation. 

Figure 107. - Interior view of experimental tranSpiration-coole6 afterburner with porous 
combustion-chamber wall fabricated from brazed and ro l l ed  wire cloth. Exhaust  nozzle 
removed. 
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(b) Pressure pmfilea. 
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Distance fmm stm3 af porous w a l l  section, In. 
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Figure  109. - Correlation of cooling data  far wire-cloth 
afterburner.  Reynolds number based on m a s s  flow of com- 
bustion gas, distance from st& of porous w a l l  i n  flow 
direct ion,  and viecoeity at film temperature. 
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Figure 110. - Comparison of forced  convection and transpiration  cooling 
o f  typical  afterburner. Uniform-permeability  porous wall. Cooling-air 
temperature, 200 to 250' F for tranmplration cooling and -16' F f o r  
foxed-convection  cooling. 
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